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^Conservation- and- Use Technology curriculum. Intended for use in 
two-year- 6&st secondary technical institutions to prepare technicians 
for employment, the ccurses are also useful in industry fcr updating 
employees in company-sponsored training programs. Ccijprissd off seven 
modules, -the course is an in-depth , technical study of the processes 

.and equipment usQd to convert fuels *acd energy resources into useful 
energy fornrs (electricity, heat, m-Ction) . The first fcur modules . 
emphasize fuels and energy sources, examine their properties, and 
describe how they are use'd to produce steam and hot g *ater. The final- 
three Modules emphasize how energy is used- written fcy a technical 
♦xpert .and approved by industry, eadh module contains the following 
elements: introduction, prerequisites, objectives^ \subject matter, 
exercises, laboratory materials, laboratory procedures (experiment 
section for hands-on portion) , data tables (included in most fcasic 
Courses tcxhelp students learn to collect or organize data) , 
references /^nd glossary. Module titles are Generation of Steam and 
Hot Water Using Solid Fuels; Generation of Steam an,d Hot Hfrter Using 
Liquid and Gaseous Fuels; Generation of Steam, Hot iater, and Hot Air 
Using solar Collectors ^Generation of Steam and* Hot water Using 
Nuclear and Experimental Power Sources; Combustion Engines; Turbines; 
an^Production of, Electricity. (YLE) 
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PREFACE 



ABOUT ENERGY IECHNOL06Y MODULES * 

** . 
The modules were developed by CORD for Use in two-year postsecondary technical institutions 

to prepare technicians for employment and are useful in industry for updating employees in company- 

sponsored training programs. The principles, technique^ and skills taught in the modules, based 

on ta^sks that energy technicians perform, were obtained from a nationwide advisory committee of 

employers of energy technicians. Each module was written by a technician expert and approved by 

representatives front industry. j 

A module contains the following elements: — . * 

Introduction s which identifies the topic and often includes a rationale for studying the material 

Prerequisites , which identifyythe material a student should be familiar with before studying*the 
module. % ; 

Objectives , which clearly identify what the studerft is expected to know for satisfactory module 
completion. The objectives, stated in terms of action-oriented behaviors , include such action 
words as operate, measure, calculate, identify, and define, rather than words witrf many interpre- 
tations such as know, understand, learn, and appreciate. 

' Subject Matter , which presents the background theory and techniques supportive to the objectives 
of the module^ Subject matter is written with the technical student iji mind. x ' 

Exercises , which provide practical problems to which the student can apply this new knowledge, 
f : 

' Laboratory Materials , which identify the equipment required to complete the laboratory procedure. 

Laboratory Procedures , which is the experiment section, or "hands-on" portion, of the module 
(including st* n -by-step instruction) designed to reinforce student learning. 

Data«Tables , which are included in most modules for the first year (or basic) courses to help 
the student learn how to collect and^rganize data. ^ 

References , which are included as suggestions for supplementary reading/viewing for the student. 

Test , which measures the student's achievement of prestated objectives. 



CONTENTS 



Preface 



Table of Contents f 

rse\ 



Introduction to Course^ 
"flOOULE EP-01 Generation of Steam and Hot Water Using Solid Fuels 



MODULE EP-02 



Generation of Steam and Hot Water Using Liquid and 
Gaseous Fuels 



MODULE EP-03 feneration of Steam, Hot Water and« Hot Air Using 
Solar Col lectors 



MODULE EP-04 



Generation of Steam and Hot Water. Using Nuclear and 
Experimental Power Sources v 



MODULE EP-05 Combustion Engines 
MODULE EP-06 Turbines \ 
MODULE EP-07 Production of Electricity 




* 



ERIC 



ENERGY PRODUCTION SVSTEUS 
' INTRODUCTION 

* Energy Production Systems is- an. in-depth technical study of tjie^processes 
and equipment used to convert fuels, such as coal 'and natural gas, and energy 
resources, *such as sunlight, 'into useful energy forms: electricity, heat, 
or motion. This course will enable energy technicians to -select optimum energy 
sources and equipment for maximum economy, availability, efficiency, and/or 
environmental quality. The course consists of the following seven modules: 

1. ' "Generation of Steam and Hot Water, Using Solid Fuels." 

2. "Generation of Steam and flbt Water, Using Liquid and Gaseous Fuels." 

3. "Generation'of Steam, Hot Water, and Hot Air, Using Sojar Collectors." 

4. "Generation of Steam and Hot Water, Using Nuclear and Experimental > 
Power Sources." 

5. "Combustion Engines." - . 

6. "Turbines." 

7. "Production of Electricity." * 

The first four modules of 'the course emphasize fuels and energy sources, 
ex'amine their properties, and describe how they are used to produce steam and 
hot water. yTheSe modules extend information as far as the boiler in the system 
"file final three modules emphasize how energy is used: tcTp?roduce motion, to 
drive a turbine, or to produce electripity. . Thus, steam that is produced by 
the^combustion of a fuel, as described in' Modules EP-01- or EP-02, is* used in 
processes that are describet^in later modules. 
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MODULE EP-01 
GENERATION OF STEAM AND HOT WATER, 
? X; USING SOLID FUELS 
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This work was developed under a contract with $e Department of 
Education. However, the content does not necessarily reflect the posh 
. * tion or policy of that Agency^and no official endorsement of these 
materials should belnferred. 

' All rights reserved. No part of this work covered by the copyrights 
hereon may be reproduced or copied in any form or by any means — 
graphic, electronic, or mechanical, including photocopying, record- 
ing, taping, or information and retrievals systergs*— without the ex- 
press permission of the Center for Occupational Research and 
Development. No liability is assumed with respect to the use of the in- 
formation herein. 
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As the title suggests, this first module deals with generation of hot c 
water or steam using solid fuels such as coal, wood; and waste products. 
Production of stea^i and hot water by burning,. sol id fuelsjs an important step ^ 
in applications such as , heating of buildings, generation of electricity, and 
processing of materials in agriculture and industry. Various solid fuels 
cmd their heat contents are discussed, as well as advantages and uses of eacft,^ 
Coal, the most important of solid fuels, is emphasized, with discussions con- 
cerning composition, burning characteristics, and handling techniques. In- 
cluded also are discussions that involve types of burners and boilers associated 
.with the* use of solid fuels and the characteristics 1 of steam production systems, 

[ * PREREQUISITES 

The student should have completed the Fundamentals of Energy Technology 
course. 

. OBJECTIVES 



i 

Upon completion of this* module, the .student should be able to: * 
l/ ; List and describe .each of the, fuels discussed. 

2. Describe the importance of Ach fuel used for the generation of steam 
and hot water, ' 

3. Cite the relative advantages of each €ue1 . t . • 

4. List the four major classif icatons of coal. 
-5". Define the following terms: 

a. Combustion 

b. *- Complete (jtonjbustion - , 

c. Stoichiometric combustion ^ % f 
tL .Excess air , • . 

* 

e. Ash 

f. Mineral matter^ 

6. Geiven information about the chemical composition of a sample ,of coal , 
calculate the heating value. In addition, calculate the amount of air 
needed for complete conjbustiofc. ® 
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7. Describe the procedures' for handling coal and preparing it for burning. 

8. Describe firing methods for coal burning systems #nd discuss their rela- 
tive advantages- ■ 

9. Describe ash clis-posal .methods for a coal burning system. * 

10. Describe 'the construction of a water-tube boiler and a fire-tube boiTer. 
' Discuss the applications for each type. \ 
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SUBJECT MATTER 



TYPES AND PROPERTIES OP SOUV FUELS , 

There $a re' a number of materials used^s salick fuels, including coal, 
wood, coke, peat, and solid waste products fronTindustry and agriculture. / 
Of these materials, coaT is the most widely used and most^mportant in the 
production of steam and hot water. ■ ■ ' 

V 

COAL 

Coal is the combustible, carbon-bontaining remains .of prehistoric vege-. 
table matter. It is 'not considered to be a rock or a-* mineral. Chemically, * 
coal is mostly carbon; however; it also contains hydrogen, oxygen, riitrogen,, 
and sulfur. Coal often contains other minerals in varying- percentages, depend- 
ing on the type: ; N - . N 

Chemical composition a.lone does not specify the fuel properties of coal. 
In fact the uses* and classifications for coal are determined by the content 
of the following components: . 

• Moisture / * 

• Volatile matter . * 

• Ash' . ^ . . * 
, • Fixed carbon - - : 

v Sulfur > . • ' 

Moisture can be an important component in some types" of* coaT since the 
amount of moi.sture affects its use. ' Moisture, which is measured in a standard 
ized test, represents the amount of "free water" in the coal faiat'is, water 
that can be removed by drying); it does not necessarily represent^ aril the 
water contained in the coal. Water that is chemically bound in. the coaJ is 
•not counted in t^e'moisture content. Oply "free water" is counted as moisture 
* Volatile matter is defined as "the portion of the coal that can be 'driven 
s off as gas during the process of heating theioal in a standardized test." 
Volatile matter consists of oYganic oils and tars, organic hydrocarbons, and 
gases -such as carbon monoxide, carbon dioxide, hydrogen, and methane. All 
of 'these materials can be removed in gaseous form by heading the coal under 
controlled conditions. 
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- *♦ Ash is the, nonbarnable mineral material that remains after coal is burned. 

#As£ consists of certain materials th$t weV*e preserit in the coal, such as clay 
and mud, and of\arious minerals, such'as calicum /sulfate and iron sulfide. . 
Ta determine ash content, coal may be ignited "With an electrically, heated 
wire and completely burned under'conditions of carefully controlled atmosphere 
ajid temperature. The material that remains isj ,ash.* 

Fixed carbon is. thee sol id residue — othfer ( than ash — that remains after 
the volatile matter is driven 'off. The composition of cofcl is expressed on 

„ the basis of dry, ash-free samples/ For such samples, the npisture and ash 
are neglected. .Fixed carbon (FC) and volatile matter '(VM), expressed as. per- 
centages, are related by Equation 1: . 



.FC + VM = 100% 



Equation 1 



where: ' FC = Fixed carbon (%),., ■ - ' , * y 

VM = Volatile matted [%). 

Thus, fixed carbon,, (in a sample of coal) is the burnable solid, material that 
remains after the moisture and volatile material have been remftvecL Ash* is 
not considered^ Th6 fixed carbon .primarily consists of elemental *carbon, 
but not necessarily pure carbon. . There may be contributions from some other 
so-l idT^ur^able materia H. . * 5 ? 

Sulfur is an un4esir;able component in coa.l. When coal, is burned, sulfur 
oxides contained in the coal contribute to ^ir .pollution, y There are laws., 
that place' a .maximum-sulfur content on coals burned in .certain locations * 

Another important property is heating value, atao called "caloTific Value*" 
Heating value is 4 th\a|^moimt of heat energy produced bV the comb^tion. of a 
unitjnass of coal. ; Heating' v^lue is generally, expressecTiYi Btu/lb.* 1 Although 
Btu/lb is not a'metric unit, most standards that characterize coal -are expressed 
in this uniUy To convert to metric units (kilo-jou^/kilograo) , the number 
• of Btu/lb should be ihuUipled by 2:328. \ ' \ . v 

The analysis of properties in'a sample of coal is conducted, by usinga 
series of carefglly standardized tests. Standards for measurement of the 



*The Btu (British -thermal unit) is. defined as "the amount of heat needed to . 
raise the temperature of one pound (lb) of water by orte degree Fahrenheit (°F)." 
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content of cokl have been developed by the American Society fo* Jesting and 
Materials (A$TM). Such standardized ASTM "tests for quantities such as moisture, 
volatile material, fixed carbon, ash, heating value, and so Yorth, provide 
methods by, which workers can* make measurements on a consistent basis. 

As an example, the ASTM standard for- measuring heating value 'specif ies 
burning a pulverize sample of coal in a bomb calorimeter. The bomb is^a pres- 
surized vessel, into which the coal and'^ known amount of oxygen are admitted. 
The coal is ignited by an electrically heated wire and allowed to burn. The 
pressurized bomb (contained 1n a jacket) is then immersed in water. The burn- 
ing of the co f al heats the water," and, at the, same time, the water is stirred % 
to ensure temperature equilibrium. The temperature of the Water is then mea- 
sured, and the known specific heat of water is used* to calculate ^Hie, energy 
released in. the burning. In the process,, the bomb and jacket also become" 
heated, arfd the amount of energy needed to' heat them must.be known. Yhus, 
the calorimeter is' cal ibrated by burning a substances* that has a known heat 
of combustion - usually benzoic a^id. 

There is a further distinction - one that depends upon whether water vapor 
produced in^the burning of 'the fuel is allowed to condense or. to%emain as 
a vapor. If the water vapor is allowed to condense, the heat of condensation 
wilTbe included ifl the'observed thermal energy. In this case, the heating 
value will be higher than /if the water remained as vapor. The ASTM test de- 
scribed previously measures the heating value witfi^the condensation of water 
vapor. ThMs value is called the high heating value. The lower, value obtained 
without f the CQDdensation of water "vapor is called the low-heating value. , In 
the United States, the high heating value is usually used Jor boiler qalcula- 
tiofls; however, in Europe, the low heating value is often used. For the pur- 
poses of this module, it will be' assumed'that the term "heating value" refers 
to the high heating value*! " * 

The analysis of cl samp/e of coal may be presented in two ways: 
1. Ultimate analysis: Specifying the content in terms of the chemical 

elements present- * 
*2. Proximate analysis: Specifying the content in terms qf the compQnents 

(such as* volatile mattered fijced carbon) which affect its use. 

Table 1 shows an example of these two types of analyses as applied to 
a sample of coal taken fr^om the Pittsburgh bed located in West Virginia* The 
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analyses are applied to the coal in its "as-received" condition, an<Jjpoisture 
and ash appear as components in both analyses. The^er^©fltage of elemental 
carbon in the ultimate analysis is higher than the percentage of fixed carbon 
in the proximate analysis - which indicates that some of the elemental carbon 
was removed as a constituent of\jie gas in ihe volatile matter, 

TABLE 1. ANALYSES OF A COAL SAMPLE, 



Proximate Analysis 


A « Ultimate Analysis 


Moisture 


2. 


3% 


Moisture 


• * s 

2.3% 


Volatile Matter 


36. 


5% 


Carbon, 


•'. 76.6% 


Fixed Carbon 


56. 


0% 


Sulfur 


- '0.8% 


Ash 


5. 


2% 


Hydrogen 


5.3% 




100. 


0% 


Nitrogen 


" 1.5% 








Oxygen 


8.3%' 








Ash 


5.2% 










100.0% 


Heating Value: 


14040 


Btu/lb 


) 





The results of these analyses are used as the basis of a classification 
scheme for coal. To be classified systematically, coal must be referred' to/ 
some'standard condition. Two standard conditions are as follows: 

1. Dry, mineral -matter free: This conditions refers to the composition of 
coal after it has been dried. Ash content is neglected. 

2. Moist, mineral-matter free: This condition refers to the cdmposition 

of coal with 'its natural bed-mo i stare still present, but with' no visible 
water on the surface. Ash content is neglected*' 

There are two sets of formulas used to specify coal content in the two 
preceding conditions. Measurements are jjiade 'on the coal in a moist condition 
(that is, with natural bed-moislure present, but with no visible surface water) 
and with ash present in the coal, then, the^formulas are employed to convert 
to the reference conditions. The f*irst set of formulas are called Parr for- 
mulas* The second set of formulas, caUed approximation formula^, $re~~approxi- 
mate forms of the Parr formulas, but- -they are somewhat easier to apply. 
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PARR FORMULAS" 

FC - 0.15 S : 
(M + 1.08 A + 0.55 S) - 



Dry Mm - free FC = 100 jqq 
Dry Mm - free VM = 100 - Dry Mm - free FC, % 



Moist Mm - free Bta - 100 100 . o ; 55 S) ' Btu/lb 

* APPROXIMATION FORMULAS 
Dry Mm, - free FC = 100 100 - (M + 171 A + 0.1 S) ' % - 



Equation 2 • 
Equation 3 ' 
Equation 4 



Dry Mm - free VM = l$D*£>£>ry Mm - free FC 

Btu 



Moist Mm - free Btu = 100 
Khere: ' Mm = Mineral water. 



100 - (1.1 A + 0.1 S) 



•, Btu/lb 



Equation 5 
Equation 6 
Equation 7 



Btu = Heating value, in Btu/lb. 
FC = Fixed carbon ,{%). 
VM = Volatile matter (%). 

M = Moisture '(%). 
• A = Ash (•%). 

S = Sulfur {%). 



All of the preceding quantities are measured for coal in a moist condition with* 
mineral matter present. , , 



EXAMPLE A; CALCULATION OF COVSL CONTENT. 



Given': ,The Parr formulas and the approximation formulas. 
Fihd:' The calculation for the coal of Table 1: 
Dry, Mm - fr3e FC. -7- : 

Dry, Mm - free VM. . 

Moist, Mm - free Btu. ' 

Solution: Using tHe Parr formulas, the following can be calculated^: 

m- c cr inn 56 - 0.15 x 0.8 

Dry, Mm - Free FC. = 100 100 .. ( 2 , 3 + 1.08 x 5.2 +.0.55 x 0.8) 

= 60.98%. 



14 



EP-01/Page'7 



T 



♦Example A. Continued. 



V 



Dry, Mm - free VMv=J£0 - 60.98 = 39.02%. 



Moist, Mm - free Btu = 100 



14040 - 50 x 0.8 
100 - (1.08 x 5.2 + 0.55 x 0.8) 



= 14-902 Btu/lb. 

Using the approximation formulas, the following can be calculated: 
Dry, Mm - free FC = 100 



56 



100 
60.94%. 
100 - 60.94 



(2.3 + 1.1 x 5.2 + O'.l x 0.8) 



Dry, Mm - free VM 
Moist, Mm - free Btu ? 100 



39.06%. 
14040 



100 - (1.1 x 5.2 + 0.1 x 0.8) 
14904 Bttf/lb. 



J 
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The insults obtained from these formulas are used as the basis of a classi- 
fication for coal of various types and compositions. Coal is classified into 
four broad classes, as follows: 

• Anthracite 
Bituminous , 

• Subbituminous 

• Lignite 



Thus . 



As one might progress upward in this ranklmj from lignit^SJistec/ last) 
to anthracite (listed first), the^oaTTT^arxher along in each st^in its 
natural development from compressed vegetation to relatively pure carbo 
lignite is said to be "young" coal and anthracite is said to be "old" coal 

Anthracite coal is a hard, dense coal with a blacl9, metal! ifc-looking luster. 
It is difficult to ignite because it lacks volatile matter to begin the burn- 
ing-. Dnce ignited, though, it burns well and does' not produce smoke. 

Bituminious coal is less hard and contains more volatile matter than 
anthracite coal.' IJt ignites easily and burns freely with -a smoky. flame. The 
term "bitmunious coal" includes & wide range of different .coals with different 
compositions and .burning properties. It my vary in color from dark brown ' 
to black. * / 

Subbituminous coal is relatively high in moist^e content and tends to 
break \ip easily. It is black in color, and burns easily, producing relatively 
little smoke. * 
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Lignite coal \s a brownish-black coal with a woodlike structure. It is 
moist and subject to disintegration and breakup. Because of the moisture, 
it is hard to ignite; but once dried, it burns well. Lignite is distinguished 
by having'a relatively low heating value, %s compared to other types of coal. 

Within each- of these classes, there are a number of different groups. 
For the ASTM classification commonly used in t\\e United States, the important 
parameter for old coals (anthracite and bituminous, wjth a high fixed-carbon 
content) is -fixed carbon.' For younger coals, which have a lower fixed-carbon 
content, the important parameter is calorific value. .These coals include some 
coals classified^ as bituminous, subbituminous, and lignite. °The ASTM classi- 
fication for coal is presented in Table 2. This classification does notjn- 
clude a few, types of coal that contain unusual properties. The classification 
in Table 2 is called a classification by rank, that is, a classification ^ccord- 
ing to the degree of progression in the natural change of coal from lignite 
to anthracite. s 

There are other types of classifications for the more complex and varied 
nature of coal , but the ASTM classification shown in Table 2 is probably the 
most widely used in the United States. > 



TABLE 2. ASTM CLASSIFICATION FOR COAL. 
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A 

Class 


Group 


Fixed Carbon 
Limits (%) (Dry, 
Mm-f ree) 


Calorific Value 
Limits (Btu/lb)*. 
(Moist, Mm- free). 


Anthracite 


Methaanthracite 
Anthracite • 
Subanthracite 


>98 
92 - 98 
-86 - 92 \ 




Bituminous 


low Volatile 
Medium Volatile 
'-High Volatile A 
High Volatile B 
-High Volatile. C 


78 - 86 
69-78 . 
<69 


< 14000 
13000 - 14000 
11500 - 13000 


Subbituminous 


Subbitun^ A 
^Subbituminous B^ 
^Subl?ituminous C 




10500 - 115,00 
9500 - 10500 
8300 - 9500 


Lignite 


-Lignite A ' 
Lignite B 




6300 - 8300 . ' 
<6300 
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OTHER SOLW FUELS . 

$0.1 id fuels other than coal include the following: ■ , 
^ Wood p 

* • Waste products from industry and agriculture * • , 

Cqke / 
• Peat * 

At present, these fuels are much less important than coal for the produc- 
tion of steam and hot water. 

Wood has been used as a fuel fa* centuries. Wood-burning stoves ancf home- * 
heating systems were common in the United States into the 20th century, but 
the use of wood to heat homes declined as oil and natural gas furnaces became . 
more common. Then the use of wood in the home was confined mainly to fireplace 
use. In recent years, however, as oil, and natural gas prices have risen, supple- * 
mental wood-burning furnaces are being used again. 

Wood is being used in industry for the production of steam and hot water; 
but, for this use, it usually is not burned as logs. , Bark and other scrap 
from wood-processing operations are usually employed. In a location where 
wood is being processed and scVap is readily available, wood can §er:ye*a$ a 
convenient fuel for both space -heat and industrial' process steam or hot water^ 
This also provides a useful method for disposing of 1 scrap. 

The usual measurement for wood used as fuel is the cord^ TTcord is a 

• r 

pile of wood eight feet long, four feet wide, and four feet high. This is 
the equivalent of 128 cubic feet of wood. 

The heading value of wood depends oo the type of wood and its moisture 
content. The heating .value of dry pine can be 'as high as 9000 *Btu/lb. Dry 
wy)d burns extremely ,well . Even with a moisture content of 50%, wood will 
burn reasonably well! However, if the moisture content is above 65%, toojnuch, 
'heat is required to evaporate the water*. If the moisture content is 80%*, the 
heating value is less than 2000 Btu/lb; and the heat needed'to evaporate the 
water i-s so high that combustion may not even occur. 

Table 3 presents properties of some wood fuels that .could be used for 
steam or hot water production. The values presented are based on a dry condi-* 
tion. (The percentages refer to the material after moisture is removed.) The 
definitions of the terms are the same as for coal; however, in contrast to 
coal, volatile matter is greater than fifced carbon/ 
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TABLE 3. 'PROPERTIES OF SOME WOOD FUELS. 





Pine Bark 


■ Oak Bark 


Redwood Bark 


Fixed Carbon 


24.2% 


' .18.7% 


27.0% 


Volatile Matter 


72.9% 


76.0% 


72.6% 


Ash 


2.9% 


5.3% . 


0.4% 


Heating Value (Btu/lb) 


9030 


8370 ' 


8350 



Presently, the primary use of wood as a fuel is for wood stoves and resi- 
dential heating, 'systems. Only in industries where wood scraps and bark are 
readily available is wood widely used as a fuel. (For example, approximately 
50% of the energy in pulp and lumber industries comes from buring wood.) How- 
ever, there ar^ a few, small wood-fired electrical generators planned or oper- 
ating in several states. \ 

The use, of wood as a fueljwill probably increase as costs ,of other fuels 
increase. Wood represents a renewable energy source; and in the near future, 
it will probably account for a large percentage of this country ! s tqtal energy 
use as a supplemental energy source. ' ;* 

' A number of ttaste products from 'agricultural and industrial operations 
are used as fuels, and most are us.ed in the industry, that produces them. One 
advantage is that this eliminates- the y need to dispose of the waste. The total 
energy contributed by fuels that come from waste products is only £ small per- 
centage of the total energy consumed by industry. However, for a processing 
plant that produces^sui table wastes, the wastes usually provide a significant 
fraction* of the plant's fuel ne^ds. 5 

One example is bagasse, which is the fiber that remains after. juice- is / 
pressed from Sugarcane. The waste is ground* up and burned to produce steam 
in sugar mills. .If the sugar is not^belng refined at the plant, the bagasse 
may satisfy the 1 fuel requirements of the plant. 

Other waste products frequently burned at plants that produce themjnclude 
£he following: coffee grounds' left over from the production of instant coffee, 
corn cobs, straw and hulls of various grains, and municipal refuse. The heating 
values of some, waste materials used as fuels are given in Table 4- These 
heating values cire based on dried material; however, the materials listed 
soften contain a large amount of moistures Bagasse, for'example, may contain 
more than 50^ moisture; therefore, much^of the heat may be required simply, 
to vaporfze the moisture. 
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TABLE 4. HEATING VALUES OF DRIED 
WASTE PRODUCT FUELS. ' 



Material 


Heating Value 
(Btu/lb) 


Bag^e 


8390 


• 

Corn cobs 


9300 


Cottonseed cake 


9500 


Rice straw 


• . 6000 


Wheat straw 


8500 



0 



L 



Coke is the residue^produced when coarl is heated in the absence of air, 
or with little air.' Coal is heated to a temperature of 1200-1400°C (but not 
burned), and much of the volatile matter is driven off. The residue that re- 
mains is coke. Coke is mostly carbon, along with mineraj matter and some re- 
maining volatile matter.. It is a cellular mass, having greater strength than 
the original coal. 

Bituminous^ coals are rated as coking or non-coking, according to their 
capacity for being converted into coke. If the coal has too little carbon 
or too much as^, it wTll produce a coke that crumbles too easily. 

The. volatile matter that is driven off in the f^roductiqji of coke is a 
co mp l ex mixture of materials. It is collected and used in the production of 
many substances, including cosmetics, perfumes, and pharmaceutical products. 
One ton of average-coal will yield about 0.7* ton of coke, 1150 cubic feet of 
gas, 50 gallons of benzene, 27 pounds of ammonium sulfate (used for fertilizers), 
and several pounds of mixed organic chemicals. 

The residual solid coke. is very high in carbon content (at least 86%) 
and contains very little moisture. Coke is used in blast furnaces fqr the 
production of pig iron. Because of its strength*, it can be used as a bed for* 

- a~heavy-c harge-of - meta-l V — T\ft$r use-accounts- for mast- -of-the-coke. .p rodu cejcLln . 

the United States. Very little coke is used for the production of steam and 
hot water. t * 

Peat is an early Stage in the development of coal from vegetable matter. 
The stjfuctQre bf the original vegetable matter san sometimes be seen in peat. 
Peat/ which is found in 'swamps and bogs, has a vary high moisture content *r 
at lea?t 75%. However, whetT peat is-'dried, the m^tQre^an be reduced to 1 - 
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about 55%, /in this condition, peat burns well, yrith a he'ating value of approxi 
mately 4000 Btu/lb. v< 

In^many countries, peat is often used as a fuel for household heating. 
In the United States, peat is not used for this^ purpose, because coal, which 
has a higher heating value, is readily available. Peat is nbt an important 
fuel for production of steam and hot water. 

The following briefly summarizes some of the relative advantages, dis- 
advantages and uses of each of the solid fuels previously discussed: 
- • Coal is a high-grade fuel with high heat content. It is abundantly 
- available throughout the United States and is the most widely used 
solid fuel. However, the high sulfur content of man^types of coal 
causes air pollution. The majority of the coal burned in tfte United' 
States is used by electric utility companies 'for generating electricity. 

• Wood has the main advantage of being a renewable resource. When dry, 
it has high heating value; but often it is wet, and some of the 
energy must be used for vaporizing moisture. It is used most often in 
industries where it is available as a by-product (such as bark). 

* Examples are pulp and lumber industries. 

• Wasta products are attractive sources of energy in industries where, 
' they are readily available and 4 will not have to be disposed of in some 

manner. Advantages include high heating value, (when dry) and elimina- 
tion of the^disposal problem. However, waste products are often wet. 
• J Fuels from waste products are limited in .availability, so they are not 
widely used'as an enecgy source,^ except in industries that produce 
suitable wastes. An example' of usage is bagasse in sugar mills. 

• Coke is a high-grade fuel with a high heat content. Its preparation 
yiefds other products *of value, such as perfumes and costaetjics. Be- 
cause coke is more costly than coal, it is not widely used in the 
routine production of hot water and steam. Pt is used mainly in 
applications that require its special characteristics '(for example, 
smelting, which requires higher purity than coal), I 

*. Peat is a low-grade fuel that is readily available in some areas and 
is relatively inexpensive. However, because peat has low heating 
valye, and Is wet'* it normally is used only for residential heating, 

7 ' < ■ . . 
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• # • HANDLINGS SQLW, FUELS % * 

Th^ following section of they module emphasizes the handling of coal since 
it is the most widely used sol id fuel . The discussion includes the following 
steps: transportation, unloading,' stona-g^, sizing, and preparation for burn- 
ing. 

" " '< ' * . 

' •» - 

TRANSPORTATION " / 

Coal .may be transported by a variety of methods, including the following: 

• Railroad : 

• Truck ^ * 

• Barge , . , ^ * • ' 

• Conveyor belt 

• Pipeline (in a liquid slurry) 

The shippin,g 4 method depends on the, geographical relationship of the mine 
and the User. Because transportation cos£s can represent an important part 
V the total cost of coal, l~arge, Goal -burning electrical plants are often «■ 
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located Inhere access to coal is easy (for example, near a mine or along a river 
where coal -can be barged in). - . 

Railroads ship as much as 7S% of the. coal transported in the United States. 
To cut .costs, railroads often use -unit trains. - The concept of unit trains • 
involves moving an entire^rainload of a single commodity. The unit.train 
moves directly from the mine to the, user, without any intermediate terminals 
or switching. A unit train may have as many as 10Q to* 200 ca^s that ^are semi- 
permanently coupled. Shippirvg ~ttme and costs are mucft reduced in this manner, 
as compared to Conventional raiTroad shipment. 4 *" 

, Of course^ many users will flust need one or two^carloads of coal. This 
operation involyes collecting empty_car» at the terminal and delivering them 
to the mine wher* they are loaded. After -loading, the cars are returned ,to 
the u%er u s location. After several terminals and~several switchings, the car 
eventually arrives at the user T s facility. Thus/the single carload moves ^ . 
on an jriregujar schedule, depending on the avai Vabil ity 'of freight trains. 
The costs .involved in single, carlol^ delivery are th# highest in the railroad 
industry. „ * '< 
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Other methods of transportation by 6 rail • include the multiple carload volume 
and the trainload volume. .In trainload service, a complete' train moves directly 
fr6m'the mine to the user, bat th£ ful T range -of concepts of the unit train . 
are not employed. $ 

Cars used for railroad transportation of coal carryytheir load "in-capa- 
city, 11 with most modern cars having capacities that range fronTlOO to 125 tons. 
Car§ designed for carrying coal are open-tfdpped;-and they are either the hopper- 
type, with the floor sloping to one or more hinged doors, or the gdndola-type, 
♦ with a. flat bottom and fixed sides/* \ ; 

Due to the expense involve, coal generally is shipped by truck only 
for 'short distances. Coal can be stiipp^d -by truck to a user located hear the 
coal field, or it can be moved by" truck, to the user, from a local distribution 
point where it has been delivered by rail or barge. 

Coal is very often moved by barge. Barges have 'capacities of^approximat^iy 
1400 tons, and 'fleets of as many as 20 -'barges are possible; therefore, they p , 
are capable- of del ivering. large amounts pf coaK, In addition,' barge .costs 
arVlower than those of truck or "rail transportation, ^ 

Most barges move on the inland Waterway system Of the United States, that 
is, the Mississippi-Ohio Rivers and^heir tributaries, and t#e Great Lakes, 
The regions covered by these systems include many .important industriaFregions 
of the United States, as well as many important coal-mining areas in the eastern 
part of the country. When the user is not located near £ waterway, coal is 
usually shipped^by barge to a distribution jDOint and then mo^ld Jt>y truck^or 
rail . x > z . 

Conveyer belts can be used for the' delivery of coal wh^i "the/aser- -is wi-th- 
-in a few miles of the mine. Conveyer bells are alsp used for movement of coal 
within the user's plant. * . - 4 • 

Coal can also be moved in.pipelines io tfre form of a liquid slurry. The • « 
slurry, which is a. soupy mixture of "pulverised, o6al and water, js* pumped through 
a pipeline from a mine to a large Vo1ume 6 u'ser, The 'first coal pipeline. operated 
in 1914s and this* technique has continued tp develop, particularly in recent 
years. Although pumping coal through pipelines represents only a small -frac- 
tion of the total amount of coal that js transported* this^method wdll probata/ 
become more important in the future. ^ An. example of pipeline transportation 
of coal is the Black Mesavtapel ine, which carries coal for 273 miles, frotp . 
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northeastern Arizona jo a generating station in southern Nevada. This 18- 
inch diameter pipeline is capable'qf delivering 4.8 million tons "of coal per 
year. As stated previously, pi pel ines .are only suitable for large volume users 
of coal; t?ut when pipeline transportation is appropriate, it. can be the most 
economical method available. 



Unloading coal from a' train at the user's facility is an. important opera- 
tion.' For economy's sake, it is essential that the coal be unloaded quickly 
since it is expensive Vo tie up a large number of railroad cars for prolonged 
unloading. § « ^ 

In the bottom of many coal cars are doors that^can be opened to drop the 
coal between the rails or at the side of the rai'ls. -Car shaker systems are 
^sometimes used to speed up the discharge of the coal. 

For sfjiall plants, portable belt conveyers can be' used to move the coal 
after it is unloaded; but for large plants, complete mechanical handling equip- 
ment is needed. Coal is.Qften discharged into a pit, .from which it is moved 
by a conveyer system. Rotary dump systems are sonjetimes usec(. In this sys- 
tem,* the car is moved Inside the rotary dumper/ and the dumper turns the en-* 
tire car. upside down, all^owin-g the coal to fall out. Some rotary dumpers are 
capable of accommodating two cars at a time." 

'Motion unloading is ajso popular. In this method, the cars proceed slowly 
^ver the dump irvg. area, and the doors on the bottom of the car- are opened as 
the car moves into position, discharging the coal. - - 

The trade-off between the two. systems is based on economics * The rotary 
dumper is expensive, but it can asconmodate cars with no doors and no moving 
parts. «. Motion unloading requires more expensi vicars, but less elaborate 
facilities. With motion unloading, *a 100-car train can be unloaded in approxi- 
mately one hour, as cqmpared to the 4 to 6 hours required for a rotary dump 1 
system. The economic trade-off decisioft must be made on the'vbasis of the total 
amount of coal to be received,, the number of cars involved, and so forth. 
Another factor' that must be considered is that. coal may arrive frozen 
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since open coaV pars £re exposed to the weather. In winter, coaJ can freeze 
into a solid, unmanageable lump. In this case,' it must be thawed or broken 
up. Thawing methods include steam, ra'diant heaters, and oil-fired thawing 
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pits* If breakup is required, heavy metal bars approximately the size of the 
coal car can be 1 if ted, by a hoist and dropped off the coal. Or, at small plants, 
hand labor (with pry bars and portable torches) can'be used. . * 

STORAGE ' * 

Storage of large' amounts of coal may be necessary to ensure continuous supplies. 
However, coal in stbrage can degrade through oxidation. Even more seriously 
oxidation ,can heat the- coal and lead to spontaneous ignition of the coal pile., 
A fire *in a coal pile can be difficult and dangerous to extinguish. - 

To minimize the possibility of spontaneous ignition, coal should be stored 
in a firm, clean, well-drained base. It should be piled in layers from one' 
to two feet high, with each layer compacted befc^e the next layer is added. 1 
Then a 12-inch-thick layer of fine coal should be added over the top and slop-' 
ing[ sides of the coal pile to seal it against moisture. The coal should be 
dry, because damp conditions favor self-ignition of coal in storage. Anthra- 
cite coal is much less, susceptible to selfvjgm'tion than is bituminous coal. 
Coal that has been screened so that the lumps are of , uniform size is less sus- 
ceptible to self-igniton that unsized coal, . ^ ^ 

Coal piles can be arranged into a variety of shapes, including conicaT/ 
wedge-shaped, or kidney-shaped, ami can be as high as the available coal-han- 
dling equipment can manage. In storage, the coal should be monitored' by both 
regular, visual inspectioh and temperature-measuring devices located in the 

pile. If the coal heats above 66°C, it should be dug out and repiled. If 

# 

a fire' has ignited, the recommended procedure is smothering. This can b e^don e 
in a variety of ways: " by contacting with a. bulldozer, by^sealjing the top o^ 
the pile with asphalt, a*id*by the use of -carbon dioxide "(supplied as blocks 
of dry iee). 

****** • 
SIZING - . ' 

Establishment of the size of coal is important ^since various uses require 
different sizes of coal . Furthermore, a particular method of feeding coal 
to the furnace .can be designed in order to -use 'certain sizes' of coal lumps. 

Sizes for anthracite coal are well standardized according to the size 
of a round hole through which the lumps^of coal will pass. The larger sizes 
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.are used for domestic heating and for. gas production* Smaller sizes are used 
in equipment havin'g mechanical feeds. The size standards for anthracite' coal 
are given in Table 5. • * * 



TABLE 5. SI^E STANDARDS FOR ANTHRACITE COAL, 



Size 


Diameter of Hole (inches) 




Coal Lumps -Pass - 


Do Not Pass 


Broken 


4 3/8" 


• 3 - r 3 1/4" 


Egg • 


3 - 3 1/4" 


' 2 7/16" 


Stove 


2 7/16" ' 


1 5/8" 


Nut 


1 5/8", ' ^ 


13/16 ,k 


'Pea A 


13/16." 


9/16" 


Buckwheat 


9/16" 


^^^^5/16" 


Rice 


,5/16" 


( 3/16" 



• Sizing of bituminous coal is less standardized. Table 6 presents various 
sizes and descriptions of bituminous coal. Again, tfre larger sizes tend to 
be used for domestic heating and for gas production, affd the smaller sizes 
to be used in mechanized, industrial stokers. , 
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•TABLE 6. SIZES FOR B-IUMINOUS COAL. 



Name 


Description 


Run of Mjne 
Run of Mine (8") 
' Lump (5") . • 
Egg (5" x,2") ' 
Nut (2 ,w x 1 1/4 M ) 
Stoker (1 1/4" x 3/4") 
Slack (3/4" and under) 


Coal as it comes from. mine 
' .Run of mine, with oversize lumps broken up 
Will not go through 5" round hole 
Goes through 5" hole but not 2" hole - 
Goes through 2 U hole but not 1 1/4" hole 
Goes through 1 1/4 " hole but not 3/4" hole\ 
Goes through 3/4" hol^ * A 



PREPARATION FOR BURNING 

• Several operations are important in preparing coal for burning, including 
the fallowing: ,*-'/_• * 

• Cleaning , 

• Crushing . - ' . 
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• 'Sulfur removil " mm • 

Cleaning methods are employed to remove some noncumbu^tible products from, 
CTOrb ,Becausfe many common ^urj^tgQre - roona dense .than coal, they can be * 
separated by mechanical methods. Particles of different detisity settle at 
differentiates in a fluid- Heavier impurities sink to the bottom faster in 
water and, thus, can be separated fromjthe co^l . - . 4 " 

Another method involves placing the coal on a screen and blowing either 
air-'or w^ter through the bed of coal . The' heavier particles fitll downward 
through the holes in the screen mare easily arte can^be separated, 

A method called froth flotation is applicable to coal that is small in 
iize. The coal is. agitated in a fnixture of water and reagents, thereby pro-' 
.duaffig a, froth on the surface. The coal particles float in the froth, whereas 
th^ heavier particles sink and can be separated. ; 

Crushing is employed to^p-rdfluce the sizes needed for various types of 
burners. (Sizing standards have already been described.) Crushers use toothed 
rollers, rotating hammers, or rings that strike the coal and break it iku^In 
conjunction with the crushers, screens or gratings of appropriate spacing are 
used to control the size of the crushed cqal. . t 

v Sulfur is an undesirable element^in coal becaus^e it leads to air pollu- 
\ tion. Sulfur that is in the form of pyrites (irop sulfide) is removed by the 
operation of crushing /washing, gravity separation,^ or froth flotation, Sul- 
Vur that is present in the form of organic compounds cannot be removed by these 
(tetfaQd^-: Experimental methods, such as magnetic separation, are (under develop- 
ment for improved removal of pyrites. 



COMBUSTION OF SOLID FUELS 

Combustion f's defined as "the burning of a material." It is a chemical 
reaction in which the chemical constituents of a material .combine w'ith oxygen 
^hd .produce heat. The usual source of oxygen is the oxygen that is present . 
in air. For some specialized^applications, oxygen canNbe supplied from some • 
other chemical; but for production of - steam and hot water, air. is the source 
of oxygen. $ - . 
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STAGES OF C0M8USTI0N 



Combustion of solid fuels occurs in stages. First the volatile matter 
is driven out of the fuel. The volatile matter mixes with air and burns as 
'a gas. This process heats the solid residue, which is mostly carbon. *The 
residue must be heated to the, point where combustion can continue at the sur- 
face. Air moves to the hot surface, and the oxygen combines with carbon there. 
In this stage,' combustion will, cease if the tdmperature drops because the com- 
bustion reaction cannot be sustained. * 

Because oi the manner in which solid fu^ls bum, bituminous doal is rela- 
tively easy to ignite. If heated slightly, it releases volatile material * ' 
such as hydrocarbons, which burn easily in the air.- Burning the wlajtile matter 
heats the residue to the 'point where it also will burn. 

Anthracite coal is more difficult to ignite because it contains very Tittle 
volatile matter. Because of this, the first stage of combustion does not pro- 
vide much heat, making it more difficult for the solid residue to become hot 
enough to burn. " * <* 

Any fuel containirtg much moisture is limited by the fa^t that some of 
the heat must be used to vaporize the moisturev Because this keeps the. tern-' 
perature Jower than it would be otherwise, combustion may cease. 



CHEMICAL REACTIONS IN COMBUSTION 

The principal chemical reactions that occur in burning an organic mate- 
rial that contains carbon, hydrogen, and sulfur are the following: 



Equation 8 
Equation 9 
Equation 10 

• V 

If not enough oxygen is available to burn the carbon completely, carbon 
monoxide may be formed in the following reaction:/ 



C + 0 2 
2H 2 + 0 2 
S + 0 2 



- C0 2 

- 2 H 2 0 

- S0 2 
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2 C + 0 2 



2 CO 



Equation 11 



.The preceding reactions describe the end result of burning an organic 
solid material *such as coal. If the coal primarily consists of carbon and 
hydrogen, the' end products of combustion (with adequate air) are primarily 

- : • • # * " 
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carbon dioxide (C0 2 ) and water {H 2 0). ^ 

Equations 8-11 are simplifications. The reactions actually occur in 
stages with intermediate steps. The net fina^ processes are represented ade- 
quately ^by these reactions. 

In complete combustion of fuels containing ca^n>\hydrogen, and sulfur, 
all of these materials are oxidized completely CO2 > HfeO, and S0 2 . This pro- 
cess of complete combustion is represented"!?/! Equations/8 and LO. The end 
products will no longer react with oxygen. Complete combustion of a hydro- 
carbon fuel can be defined as "combustion that carries the chemical ^components 
to the final end products which cannot burn further." 

A contralt is incomplete combustion, represented by Equation 11. This 
reaction produces an end product of carbon monoxide (CO), which wij'f burn 
further according to the following reaction: 

2 CO : + 0 2 » 2 C0 2 Equation 12 

Incomplete combustion, as represented by Equation 11, is undesirable be- 
cause (1) carbon monoxide (CO) is a dangerous poison and (2) it represents an 
inefficient use of the fuel. 

Stoichiometric combustion is defined as "combustion of a fuel with the 
exact amount of oxygen needed to oxidize it completely,", according to the pre- 
ceding reactions (Equations 8 and ; *ll). In stoichiometric combust,ion,_ the fuel 
is completely burned to produce C0 2 , HaOT^Tnd S0 2 , and there is no oxygen re- 
maining after the combustion. In practice, it is difficult to achieve stoi- 
chiometric combustion. The flow of air and its mixture with the fuel are vari- 
able enough that stoichiometric, combustion usually is not assured. \ 

Therefore, more air is usually supplied -more than is needed for stoir 
chiometric combustion. The amount of air supplied above the amount for stoi- 
chiometric_combustion is called excess air. Excess air usually is provided 
in the production of steam and hot water. It is provided both for safety and 
for maximum fuel utilization. The amount of excess air cannot be too great, 
because the air that goes up the smokestack is heated. If too much air is 
supplied, it will represeat a loss to the efficiency 'of the heating process. 
The amount of excess air supplied will vary. It depends on the type of fuel, 
the expected variations in the fuel, and the' type of furnace being used. 
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In common practice, the amount of excess air beyond the amount needed for 
stoichiometric combustion can vary from about 15-40% for 1 combustion of coal. 

V Table 7 presents the amount of, air neecred for stoichiometric combustion 
of'some chemical substances. It is presented in terms of the weight of air" ' 
needed to burn one pound, of fuel ia stoichiometric combustion. If the chemical 
compos tWaq^ of fuel is^known, the required amount of air can be determined. 
The amount of air listed in the table is sometimes called theoretical air. , 

^ Table 7 also presents the heating value for various chemical constituents. 
If the chemical- composition of the fuel is known, the heating value of the 
fuel can be calculated by adding the contributions' from the different combus-. 
tions. 



TABLE T. 



THEORETICAL AIR AND HEATING VALUES 
Of SOME MATERIALS. 



Material 



Combustion 
Reaction . 



Theoretical 


Heating 


Air 


Value 


(lb/lb of Fuel) 


(Btu/lb) 


11.51 


' 14447 


2.47^ 


4344 


34.28 


60958 






4.31 


" 3980 



Carbon 
Carbon 
Hydrogen 
Sulfur 



monwjci 



de 




( 



•EXAMPLE B: CALCULATION OF HEATING VALUE, 



Given: 



Find: 



The ultimate analysis of a sample of coal from the Pocahontos #3 
.bed in'W^st Virginia is as follows: 



a. 


Carbon: 


80'. 7% 


b. 


Hydrogen: 


4.5% 


c. 


Sulfur: 


0.8% 


d. 


Nitrogen: 


1.3% 


e. 


Oxygen : 


4.6% 


f. 


Ash: 


5*2% 


g. 


Mffi-sture: 


2.9% 



The heating value and the amount of air needed for stoichiometric 
combustion. 
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'Example B. Continued. 



SoJIution: The last four components do not burn and do not contribute to the 
heating value. If ,the heating values in Table 7 are used, the 
following -jis obtained for each pound of coal: , 
Carbon: 0.807 x 14447 = 16,659 Btu 
Hydrogen: 0.045x60958= 2,473 Btu 

Sulfur: O.J008 x 3980 = 32 Btu 

* ... • 14,434 Btu. 

Thus, the "'calculated heating value is 14,434 Btu/lb. The amount 
of air required f or cone pound of fuel is determined as follows: 
^—v-Carbtfn: 0.807 x 11.51 =• 9.29 lb 
Hydrogen: 0.045'x 34.28 = 1.54 lb 
Sulfur: 0.008 x 4.31 = 0.03 lb" 

10.86 lb. 

Thus , 10 .86. pounds of air are needed far stoichiometric combus- 
tion of one pound of this coal. ' * < - 



e BURNING* OF SQLW> FUELS 

Fuels are burnecf inside an enclosure thaLconf ines'the products of the 
combustion. This enclosure, the furnace, must be capable of withstanding the 
high temperatures produced by burning. The furnace walls are 'constructed of 
materials that are chemically nonreactive and can survive temperatures in the 
furnace* Such materfals are called refractory materials. 0r\e example is fire- 
brick. 

• In modern boiler furnaces," the walls are usually- water-cooled to keep 
the wall temperature 'low enough sa that the wall materials are, resistant tc^ ' 
oxidation and will retain their mechanical strength. \ •* m ' ' 

Inside the furnace, solid fuel can be burned on a hearth or grate, which 
allows air to rise through--the-bed-x>f4w moves— 
in some way to provide even distribution of fuel throughout the furnace. 

Furnaces are designed to provide complete combustion of the fuel. —This 
means £hat the fuel must remain in the furnace fof& long .enough time and at 
a high enough-temperature so that'it burns completely: There are many dif- 
ferent furnace designs, depending on the type of fuel 4 being burned, the rate 
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of heat generation, and "the method of feeding fuel into the furnace. 

Nl^he delivery of fuel into the furnace^is called firing* The firing meth- 
od should provide continuous delivery of fuel to the furnace and distribute 
it within the furnace. Modern 1 furnaces*can be described on the basis of the 
firing method. 

There are a number of metbod^for firing solid fuels. Again, coal is 
emphasized. The oldest method, cJf course, is hand firing. In this, a persorl" 
shovels coal into the burner. Hand firing is obsolete, and, in any ease, woul-d 
not -fee-useful in a large plant that uses thousands of tons of coal each 1 day. 

Mechanical-stokers that feed coal into the burner were developed^ short > 
% time after 7 the invention of the steam engine. Mechanical stokers remained 
- as the leading method for many years. 

In the 1920s, a major advance occurred with the development of pulverized 
coal systems. The coal is pulverized and delivered to the furnace in a contin- 
uous process. This procedure provides significant advantages as compared to 
stoker firing. ' ^ , * 

In the 1940s, a further-advance occurred with the development of the 
cyclone furnace. The cyclone"! furnace provides additional advantages over the 
pulverized coal systems. Many modern coal burners^are pf this type. 

STOKERS ■ 

Mechanical stokers: were originally developed as an improvement over hand- 
firing methods. Stokers move coal into the furnace, < and^ they cari also remove 
the ash. Stokers have been well-developed and continue to be suitable for 
many small and medium-sized boilers. They offer a continuous feed of coal 
in a mechanized system of reasonable efficiency. 

There are a number of different types of stokers in use. Perhaps the 
most important is the spreader stoker, which uses traveling chains to spread 
fuel uniformly into the furnace. Heavy pieces of coal rest on the grate where 

they burm — tightweight, small pieces of coal -are - suspended- in theorising, 

hot gas flow; then they are rapidly consumed. Coal is fed from the hopper onto 
the moving chain by a rotor. Figure 1 shows a schematic diagram of a spreader 
stoker with .a traveling grtfte.' 
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•Such stokers can 
effectively byrn many 
types of coaK. Ia 
addition, they can 
■accommodate coals with 
a wide range of burning 

4 Ok 

Characteristics', in- 
» 

eluding all types Qf 
lignites and bitu- 
minous coal . However, I 
anthracite coal is not' 
satisfactory *for spader 
stokers. *• 




Figure 1. Schematic: Diagram of a' 
Spreader Stoker. 



Several other stoker .designs are in use: .the underfeed stcjker; the water- 
cooled, vibrating, gyrate stoker; and the^feravel ing-grate stoker. 

There is a maximum burning rate^xjiossible with each type of stoker. The 
highest value is 750,000 Btu/ft 2 /h. Because of this limiation, the boiler 
size must be increased in large plants. Therefore, stokers are not so widely 
used as they previously were. Pulverized coal systems or cyclone furnaces 
are used in most new Installations. , When stokers a"re in^alled now, it is 
generaljy<in smaller plants. Many stokers do rertiai«n in operation on older 
equipment. 

Very large, modern furnaces are capable of burning rates up to 165,000,000 
Btu/lji With, the limitation imposed by the maximum burning rates of* stokers, 

fthe combustion chamber would become unreasonably large for stoker firing. Pul- 
verized coal systems provide higher burning rates and, thjus r are more compat- 

■ ibJIe with large plants. 
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PULVmiEV COAL SYSTEMS 

= % 

A large percentage of the coal that is burned in large, steam generating 

facilities is burned in pulverized form. Pulverized coal burning was a major 

advancement developed in the 1920s. As boilers grew la$jer/* stoker systems 

were *no longer able to provide the required combustion rates. The development 

of pulverized coal Systems was the solution/ 1 
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1 In a pulverized coal system, the coal is pulverized to very small -particles,' 
The particles o^ coal are carried into the furnace on a stream of air. Because 
of their small size, the particles burn rapidly,. Pulverized coal systems are 
capable of producing high heating rates. Thus, pulverized coal burning is , , 
compatible y/ith large plants that generate large quantities of steam. Pulver- 
ized coal systems usually are not used in small installations for which st&ktfrs 
are more economical. Pulverized coal systems probably are the best means of 
burning the higher-ranking coals. t 

An. important characteristic of -coal for pulverized coal systems is "grind- 
abil it^" • Grindabil ity. is expressed as a number relative to a standard coal 
which is assigned a grindabil ity index of 100. The grindabil ity index is mea- 
sured by a standard ASTM procedure. A coal is more difficult to grind if its 
grindabil ity indexes less than 100; a coal is easier ta grind if its grind- 
abil ity index is greater than 100. Obviously, the xjrindability index is an 
important factor for pulverized coal systems. As Ifte grindabil ity index of 
the^oal increases, the capacity of a pulverizer increases. Thus, a system 
with pulverizers of a certain type will need a coal supply with a mintmum value^ 
of* the gr'indability irtdex. 

Originally, pulverized coal burners used a bin system. The coal was first 
pulverized in a pulverizer, and then it was transported to a bin^where it was 
stored until used.' There are many plants still in operation that use the bin 
system. Newer installations use direct firing, in which the pulverized coal - 
Is transported directly from the pulverizer to the furnace. The direct-firing 
system is simpler, safer, ancMess expensive than the bin system. It superseded 
the, bin system as soon as pulverizing equipment became reliable enough to en- 
sure uninterrupted operation of the pi ant 

A simplified drawing of a direct-firing, pulverized coa"Lsystem is shown 

in Figure 2. Coa^ is fed from 
a hopper into the pulverizer. 
After it is pulverized, it 
is blown directly through pipes , 
and into the burner. The air 
used to transport the coal 
is 'part of the air used for 
combustion. This air isjpalled 
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Figure -2-. Schematic, Diagram of a Direct- 
Firing System for .Pulverized Coal." 
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^primary air*' The remainder of the air needed for burning is introduced into 
the burner. It is called secondary air. Primary air provides about 15-20% 
of the total air needed for burning. ^ • # 

Pulverizers generally can be considered- as being of three types: slow 
speed, medium speed, and high speed* Slow-speed pulverizers use a rotating 
drum with tumbling steel^balls. Medium-speed pulverizers can use a bell-amk- 
race constructions, with steel ba^TT bearings between an up'per a^nd lower race. 
The coal is crushed underpressure between the grinding surfaces. High-speed 
pulverizers have hammer-like beaters revolving inside a chamber. , 

The pulverized co^l passes through a screen that ensures^ffTat the coal * 
is of the required fineness. The fineness* depends "on the* type of coal and 
on the design of the furnace. A typical requirement is that it* must pass* 
through a screen with openings the size of 0.0029 inch. Thus, the pulver- 
izing operation results in very smajl coal particles. This is needed to allow 
transportation into the burner on a stream of air. » 

Two other divisions applying to burners for pulverized-coal systems are t 
front firing and tangential firing. 
Front firing simply means that the fuel 
is fed into the front of the burner. 
In tangential firing, the fuel is fed 
into the corners of the chamber (Fig- 
ure 3). Some large, modern installa- 
tions tend to be of the* tangential 
type. 

' y x x * ^ FEED TUBE 




/LAME 



(7C LONE FURNACES 



Fi gure ' 3 . Corne r-Fi red 
Tangential Burping. 



The cyclone furnace,, which is a further advancement in coal-burning tech- 
nology, was developed in the early 1940s. The cyclone furnace alldwed economic 
use of low ranks of coal and improved combustion performance.' Many * large power 
plants^ now employ coal-burning cyclone furnaces. 

The cyclone furnace is a horizontal cylinder. Coal, which is* crushed 
in a simple crusher, is fed into the burner. Parts of the air (about 20% of 
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what is needed for combustion*) enters in the same part of the burner in a. di- 
rection parallel to the outside of the cylinder. This is called primary air, 
Primary'air causes the coal to whirl-about in a' tangential direction.' Figure 
4 shows the operation of the 5 * 

: "— B COAL 



cyclone furnace, with 'the 
coal and primary a'ir enter- 
ing the primary burner portion 
of the furnace\ 

The burffing roal is 
carried into the main cham- 
ber of the furnace. The 
secondary air enters the 
main chamber of the furnace. 



'SECONDARY AIR 



PRIMARY 
AtR «. ^ 



TERTIARY AIR 



^BURNER 



tn^ 



The secondary air, enters the 



Figure 4., ^Diagram of Cyclone- Furnace, 

main chamber, tangentially to the roof of the cylinder^ The secondary air 
(about 75% 'of 'the total) also causes the coal to whirl about in # the main cham- 
ber, A small, additional amount (approximately 5%) of air, called tertiary 
air, enters the center of the "burner/, * * 

The combustion occurs efficiently, with high heat release. The 'tempera- 
tures -are high enough to melt the ash into a liquid called slag. The' slag 
coats the walls of the burner. Pieces of coal entering the burner are whirled 
'to the wall where they stick in the^Hag," They burn raptdly in the fast-flow- 
ing secondary air. 

The cyclone furnace 'generates a hygh rate of heat release in a small volume. 
It can burn a wide variety of coal ty^es ranging "from l ignite to Ipw-volatile 
bituminous. The ash characteristics of coal are important. To form .a liquid- 
slag coating on the wculls of the tfUrner, there should be at least 6% ish in 
' the coal. The cherfiical content -of sulfur' and iron are also important. Figure 
, 5 shows a range of coals suitable for burning 'in ^cyclone furnace, as based 
on thesulfur content and the ratio of iron to calcium and magnesium in the 
ash. Coals lying outsi^th^ suitable range hav.e a high tendency to form iron 
sulfide, 6 which is undesirable in a cycjpoe furnace, 
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To summarize the appliga-' 
tions : in -which various firing' / 
methods are used, Table 8 shows w 
the furnace sizes (in terms of'* 
rate of heat-Tel ease) fo^ wh<ich 
the various firing methods are 
applicable. ( : 




TOTAL SULFUR (DRY BASIS) 



Figure 5, Stfi tabil tiy'of Coal 
for Cyclone Furnaces. 



TA&LE 8. HEAT RELEASE RATES FOR VARIOUS FURNACES" 



Firing Method* 


Heat Release (Mill ion Btu/h) J 


Hand-fired * 
Stokers, small 
Stokers:; large 
Pulverized coal .„ 
Cy\lone furnace 


0-5-5 

2 - ~50 

< 

50 - -200 
. 25 - 2000 > 
° 200 - 2000 



fluivuev mtjf 1 ' ^ ' 

A new development in the burning of coal is combustion in fluidized beds 
This process, which is under development in the United States and England, 
is being hailed as a major advance in combustion technology. 

In fluidized bed combustion, air is blown ^upward through the bottom of 
the burner. The finely d>vided*coal is suspended in the rising current of 
air. The particles of coal, are 1 if ted slightly so they ire no longer resting 
on each other, but, rather, are .floating in the rising air strea^i. More sur- 
face area is exposed to the air than in conventional burning where air moves ' 
Over the surface of the bed of coal. Thus, efficient combustion is possible. 
Another result is that heat transfer to the boiler is more efficient; there- 
fore, smaller boilers-can be used. The fluidizecl bed also allows for lower- 
grade coals to be burned effectively. „ 
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It appears that the developntent work of fluidized bed combustion of coal 
is now complete. An experimental, electrical generating station using this 
process., is'being constructed in Yorkshire, England, and should be operational 
in 1979.' This may become an important factor in coal combustion^ in .the .future. 

EXCESS: AIR... 

. Excess air was^def ined as "the ^nount of air that is supplied to the com- 
bustion process in excess of the theoretical amount required for stoichiometric 
combustion." It is supplied to ensure complete combustion of fuel without 
production of carbon -monoxide. The amount of * excess air varies.with the method 
of firing. Table 9' gives the amounts of excess air that are commonly supplied 
for various firing methods. It*can be seen that the cyclone furnace is operated 
with the smallest amount of excess air. 
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TABLE 9. USUAL-M'MOUNTS Of EXCESS AIR FOR" 
VARIOUS COALrBURNING METHODS. 



Method' 


Excess Air 
(Weight' Percentage) 


Stokers ' * " • 

* • * 








• Spreader 




•30 


-•60 \r- 


K Underfeed 




' 20 


-50 ' ~ 


Water-cooled vibrating grate 




30 


- 60 • . 


Chain grate and traveling grate . 




... 15 


^50 „. , 


Pulverized "cbal systems 




15 


- 40 


Cyclone^furnaces 




10 


- 15° 



BOILERS 



f 



The boiler ii an important part of steam production. The boiler consists' 
of structures that a^e in contact with hot, gases on one side and'with water, 
or a mixture of water and steam, on the other. Sometimes the term "boiler" 
is used to refer to the entire structure, including the furnace. In this module 
the term "boiler" means the surfaces that transfer heat from-the hot ga^es 
to the water and the structures that contain water ar>d steam. The Boiler is 
essentially a closed vesset containing water that is converted to steam by, 
heat. 
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• • Four types of boilers - fire-tuba, water-tube, straight water-tube 
and bent water-tube - are described as follows: 

1. Fire-tube boiler . In the fire-tube boiler^ the hot gases from the cpm- 
bustion Girculate though' tubes and heat watfer that surrounds the tubes. 
The tubes and water are containd in a cylindrical drum. Steam collects 
above the water * v \ ] 



STACK-* 



STEAM OUTLET 




PIPES" 



Figure 6. Schematic Diagram of a Fire-Tube 
. Boiler with an Underfeed Coal Stoker. " 
, (Arrows show direction- of -gas flow.) 



SAFETY VALVE 

level and is with- . ' 

drawn through a 
pipe. A safety- 
valve is necessary, 
because if the 
pressure rises too 
high,, the boiler 
carr explode. A 
iagram of a fire- 
tube boiler is 
shown in Figure 6. 
Io current practice, , * 
fire-,tube boilers are used in small, installations, Water-tybe boilers , 
offer greater safety and are used in large, modern installation^. Fire- 
tube boilers are used in steam-heating .systems in* apartment buildings,, 
small factories, and hotels. 

^ater-tubg boiler . Water-tube boilers use small tubes in whicPi water 
is contained. Hot gases are on the outside of the tubes. The tubes K 
which have outside diameters in the range of L to 3 inches, are connected 
to'steam and .water drums. The drums are shielded from^the hot gases:'"* 
Steam is formed- in the tubes and circulates to v the steajn drum, from which 
it is. extracted through a* pipe. Water-tube construction provides greater* 
safety than the ^^u^^ype^. The only'boiler parts exposed to hot . 
gases aire smalt diameter tubes. If there is a failure, the release of 
energy is small and- these is a reduced hazard of explosion. 

In addition, boiler capacity can be increased. In the fire-tube • 
boiler, ^increase. of pressure^requires an increase in thickness and strength 
in the drum. Thef^rum of th4 water-tube boiler is smaller and better 
able to withstand high pressure ^ The capacity of the water-tube boiler 
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can be increased by increasing the number and length of the tubes. Thus, 
water-tube boilers are used for large installations: large, electrical 
gerier^'ing, plants; steel mills;, paper wills; „oil refineries; and large 
manufacturing plants. . * 

There are many designs of water-tube boilers, but the most cpmmon 
are the stra'ight-tube type and the bent-tube type*. 

' St,raight^Water-tube boilers . Straight water-tube boilers have tstraight 
tubes -connected to\eaders that carry ,water and steam. The* headers' lead 
to one on more drums located above the boiler tubes. Water* moves" down- 
ward in the downcomer header. The circulation is .powered by the differ- 
ence in 'density' between the.wat^r in the downcomer and the water-steam^ 
mixture inlthe riser. As in'all water-tube boiler.s,, the'hot gases cir- 
culate around the tubes, transfer heat through tii5 tube walls, an<J bo>l 
water inside the tubes. A drawing showing a design of a, straight water- 
tute boiler \is shown in Figure 7. 
the headerVt^pe boiler, 



HEADER 




DRUM 



-•HEADER 



PIPES 



The .straight-tube -fcWiler is also called 
Straight water-tube boilers 

* .r 

were widely used in .the late 1800s; 
however, modern boilers are usually 
the bent water-tube type. - 



• * Figure 7r Schematic Diagram * 

of a Straight! Water-Tube w 
Boiler With Inci inerf Tubes. 

* f V s 

« Bent water-tube bqiler . Bent water-tube boilers offer more capability 

"of higher* pressure! than straight-tube types. Straight-tube boilers have 
limitations imposed by the headers. 'Thus, mod^nn boilers for large \^ 
plants are r usually 1 the bent-tube type. . - - • 

The are many possible designs of $his type. A typical example is 
shown in Figure 8, 1 The bent-tube type is also called the. drUm-type boiler. 
- The boiler tubes end in upper and Tower drums.. The tube may be vertical 
so that formation of steam packets is less likely. The stefam drum, with 

1 • / 
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its pipe outlet, is at the top. 

Modern, bent water-tube 'boilers 
are capable of 'del ivering Several 
million pounds of steam per hour. A 
typical design for a large, steam- 
generating unit Ts shown 'in Figure 9. 
The scale size is representee! by the 
mark at the right, which represents 
the height of an adult human. The 
figure shows aV example of a steam 
generator powered by a pulverized 
coal furnace, * \ 




DRUMS 



Figure 8. Schematic- 
Diagram of Bent Water- 
Tube Boiler. 
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Figure 9- Steam-Generating Facility 'Powered 
by Pulverized Coal . 

The flow of air through the system is indicated by arrows 



Such a boiler 



'would be suitable for a large, vQ.l ectrical -prower generaj/ng station. 
REMOVAL OF ASH , * 

Ash 'is present .in al 1 types of co'al. *It remains as a reside after coal 
is -burned. The furnace design 'must account -for the fact that ash will regain 
after thp Jburning of c^al; otherwise, ash will deposit on the furnace Twalls 
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and fl^oi^. Even more importantly, ash will\ deposit on the surface of the boiler, 
reducing the capability of the boiler surfaces to transfer heat from the hot 
gases to the water inside the boiler tubes. 'This will limit the efficiency 
of the plant. 

The method of remcfval of ash depends on a characteristic called ash-fusion 
temperature. If the temperature of the ash is above the ash-fusion temperature, 
the ash will melt and become a liquid. The ash-fusion temperature can be deter- 
mined by a standard ASTM test. The ash-fusion temperature is important because 
it determines whether the ash will remain as a solid oir whether it will melt 
in aufurnace that operates at a specified temperature* , 

If the ash remains solid, the furnace will have a hopper bottom. Part 
of the ash will be carried up the smokestack as solid particles. Part will 

7 

fall to the bottom of the hopper as dry, solid material and will be removed from 
the hopper in this form. 

Dry ash removal is often used in stoker'firing. The ash particles fall 
through the grate and can be removed manually with rakes, hoes, or by means 
of conveyer belts. 

If the coal has a low ash-fusion temperature, it will melt or become 
sticky. It will then become difficult to remove, and it may accumulate on the 
walVs and bottom of the furnace. In this case, the slag-tap method 0/ removal 
is -used. The slag drops as a liquid onto a floor where there is a pool of 
liquid alag. The liquid slag is drained through an .opening in the furnace 
floor called the slag tap. The slag is then collected in*a tank that contains 
Water. Liquid slag collection is applicable for cyclone furnaces. 

.The characteristics of the furnace an.d its ash collection method deter- 
mine the properties of the coal that can be burned. If the furnace operates 
at high temperature and is designed for liquid slag collection, the coal should 
have 4ow ash-fusion temperature. Conversely, if the furnace is designed for 
dry ash collection, the coal used in it must have high ash-fusion temperature. 



'ECONOMIC ANP ENVIRONMENTAL ASPECTS 
OF SOLIP. FUEL SYSTEMS 



Coal is currently being called "the once and future king," a phrase that 
was used in the popular musical [' Camel <tt." In the musical, this phrase refers 
to King Arthur of England, with implications that King Arthur will return 
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someday to rule over, a prosperous kingdom. As the phrase is applied to coal, 
it means that coal was once the mast widely used fuel and, now that its use 
is increasing, it may once again become the king of fuels. However, as cq,al 
once again becomes a dominant energy source, certain economic and environmental 
considerations will becgme even more important. ' \^ 

ECONOMIC CONSIDERATIONS 

Coal was once" used more widely than any othe^j^K However, as other 
fuels (particularly, natural gas and petroleum) were developed, the use of coal 
declined. This was due in part to the relatively greater, cleanl iness of 
natural gas and petroleum. It was also due to lower costs of oil and natural 
gas in some regions of the United States. For example, in the Gulf Coast states 
oil and natural gas were plentiful* and along the East Coast, imported oil 
was less expensive. He nce, the percentage r of the total energy output supplied 



by coal declined in the United States-. Some of the traditional markets -* such 
x as railroads and space heating'- *11 but disappeared. Most of the coal used 
i^the United States was for electrical generation. In that usage, the effi- 
ciency made possible by improvements in coal technology (for example., advances 
in burners, unit. trains, and improved mine productivity) made coal attractive 
for use i%Jarge, electrical-generating plants. Nevertheless, the percentage 
of the total energy supplied by qoal declined. By 1973, only about 18% of 
the total energy used' in the United States came from coal as a primary source. 

The situation has changed in recent years. Jhe costs of oil and* natural 
gas have risen sharply since 1973, and there is greal^concern about the futcire 
availability of oil and natural gas. Under these conditions, the use,of coal 
should again increase rapidly. It is p^bable that coal will again^become 
the dominant energy source, both as a primary sol/id fuel and a^a source of 
other fuels through coal gassification and coal liquidation. Once again, 
there may be a "Kinc| Coal." 

The use of . other solid fuels will also increase. As the price of con- 
ventional fuels continues' to increase, the economic justification for burning 
industrial and agricultural waste products with low heat content will improve. 
Wood, as a renewable resource, will be more attractive. Already many small 
users are considering wood as a viable, alternative fuel. 

■ - 
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Solid fuels can be burned with-high efficiency. For large, modern coal- 
burning systems, .about 90%- of the energy storfd in/the coal can be converted 
into "useful heat. J 

ENVIRONMENTAL CONSIDERATIONS < \ 

Coal has also declined in use because of undesirallfle emissions from the 
smokestack, primarily flyash and 'oxides of sulfur. Both of these emissions 
contribute to air pollution. Flyash (particulate material) dirties the sur- 
rounding neighborhood, and sulfur' oxides- contribute to smog a-nd to nose and 
throat irritations.* In some cases, sulfur dioxide contributes to- a so-called 
"acid rain,"' which contains sulfuric acid. Such acid rains are believed to 
have destroyed" fish life in .some lakes in New York, and they are threatening 
Takes in Canada. Hence, removal of the polluting factors is important, par- 
t icu l a r ly w fbh-the-expe ct e d inc r oa s e^HMAe-us e of co a l 



The United States Environmental Protection Agency and most of the individual 
states have imposed limits on the amount of sulfur-dioxide emission. The tech- 
nology for effective removal of the undesirable components from smokestack 
emission is under intensive development. 

Flyash may be removed by electrostatic precipitators and by liquid 
scrubbers. Electrostatic precipitators impart an electrical charge to the 
particles and therf collect them at an electrode. Scrubbers bring the gas into 
contact with a liquid to remove the particles of flyash. 

Reduced sulfur-dioxide .emission can be achieved by burning coal with low 
sulfur content; however, such coal is in limited supply and is more, expensive. 
Thus, most methods emphasize removal of the su-1 fur,- before, during, or after 
combustion. Cleaning of the coal before burning can remove part of the sulfur 
(see the section headings "Handling of Solid Fuels" and "Preparation for Burn- 
ing"). Burning coal in a bed containi'ti^fl imestone combines some of the sulfur 
as calcium sulfate - which is removed as a dry ash. Sulfur removal from the 
gases produced by combustion is also possible. The gases are passed through 
scrubbers containing liquid solutions" that contain materials such as calcium , 
or magnesium. The sulfur is removed by chemical reaction with these materials. 

Much research and' development is being conducted in the search for pro- 
cesses of sulfur removal ,with good technical performance and reasonable cost. 
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This remains an important challenge for future use of coal as a large-scale 
replacement for other fuels. , 
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ENERGY TECHNOLOGY 

' CONSERVATION AND USE 



ENERGY PRODUCTION SYSTEMS 




J 



Module Ep-02 

GENERATION OF STEAM AND HOT W ATER, 
! USING LIQUID AND GASEOUS FUELS 

OBITER f OR OCCUPATIONAL RESEARCHING DEVELOPMENT" 




INTRODUCTION 



This module presents .an overview of the generation of steam and hot water 
using liquid and gaseous fuels such as fuel oil, natural gas; and products 
derived from coal and biomass. The various fuels and their Btu content and* 
impurities are discussed, as well as burning procedures and handling tech-' 
niques which are used in association with these fuels. The variations^™ burner 
design and operation are described, and the entire steam production system is 
discussed. Inducted also isja discussion of each fuel, as well as the extent 
of their use. 

' PREREQUISITES 

The student should have completed Fundamentals of Energy Technology and 
Module EP-01 of Energy Production Systems . 



' "7* - OBJECTIVES 

. « • 

Upon completion of this module, the studerrj; should be able to: 
1/ List and describe each of the fuels ^discussed. • t 
2. Describe the importance of each fuel and how they are used. 
3* Describe handling and preparation procedures used in burning fuel oil 
and natural gas. . 

4. Describe the-burners used with fuel oil and^natural gas. 

5. List the grades of fuel oil and briefly .describe their characteristics. * 

6. Describe the relative advantages and disadvantages of each fuel. 

7. Given the* necessary information about the chemical composition of a fuel, 
calculate the heating value and the amount of air needed for complete 
combustion. . \ 

8* Discuss the characteristics of \liquid and gaseous fuel-fired systems for 
generation of steam and hot water. ■ 
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SUBJECT MATTER 



* TYPES AMD PROPERTIES OF LIQUID AHV GASEOUS FUELS 
Liquid and .gaseous fuels generally burn cleaner and produce less ash than 
coal. There is also the convenience of being able to deliver them through 
pipelines. Because of these advantages, liquid and gaseous fuels gradually 
di>SRlaced coal as the primary source of energy in the United States. In the 
early 1900s, coal provided most of the energy used; but by 1970, liquid petroleum 
fuels and natural gas provided about 75% of the energy. In more recent years, 
however,' rising costs and concerns about depletion of the supply of these fuels 
have caused their use to decrease- somewhat. The result is' that the use of coal 
has again increased and alternate energy sources are under development. Yet, 
•liquid, and gaseous fuels continue to be important. 

Fuel oil and natural gas are emphasized in this module because they are 
H*e^st4rt4e^sedjo^ These_^,J»h1ch_^re 
extracted from reservoirs in nature, are fossil fuels. Because, of the increase^ 



costs and diminished supply of the main fossil source of liquid and gaseous 
fuels, efforts have increased to derive such fuels from coal, .a su^Tthat 
is still abundant. In addition, there are developmental efforts being made 
to supply liquid and gaseous fuels from the decomposition of waste and agri- 
cultural products (biomass). 

LJQUW AHV GASEOUS FOSSIL FUELS 

The liquid and'gaseous fossil f?els described in this section of the module 
are obtained from oil and gas fields located fci many different parts of the 
Unite* States and other areas of the world. These fuels have been formed by 
the decay of living organisms over time periods of millions of years. Thfe 
fuel stored in'these oil and gas fields i jS , thus, an exhaustible resource that 

* 

cannot be renewed. i 

The following paragraphs emphasize the fossil fuels that are used for 
production of steam and hot water. The two most, important examples of such 
fuels 'are fuel oil and natural gas. Liquified petroleum gas and some manu- t,. 
factured gases are also discussed. However, a number of important .1 iquid fuels 
of fossil origin are not used to produce steam or hot water and, therefore, 
will not be .treated in this module. An example is gasoline, which is used 
mainly for transportation. . * 
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Fue£ Oil . 

Fuel oil is derived from petroleum or crude oil. Petroleum is an oily, 
flammable liquid formed from organic material contained in seabed sediments. 
The exact process of formation is unknown, but the formation has taken millions 
of years . Petroleum is found in many different areas of the world. Sometimes ( 
it is found oozing from the ground, but more often it must be pumped from be- 
low the ground. In some cases, the deposits are several miles deep. The com- 
position of. petroleum paries widely Yrom one source to another. 

Generally crude oil is not used directly asa fuel. Rather, it is refined 
to produce a variety of products. The produc^Uf the refining process include 
gasoline, kerosene, jet fuels, diesel fuels, lubricating oils, and fuel oils; 
but it is the fuel oil fraction .that is of prim^/y interest here. 

Part of the refining process involves distillation of the oil and condensa- 
tion of the products. Fuel tfils that have been vii still ed^and recondepsed are 
"called distillate oils." "Distillate "oTTs tend t» be cleaned and more free of 
sediment and other .impurities; they are composed of relatively light molecules. 
The portion of the oil that is not vaporized and condensed in the refining 
process is called residual oil. Residual fuel oils are thicker and heavier 
than distillate fuel oils; they are composed of heavier molecules and contain 

more impurities and sediment. 

k 

Fuel oils are classified into a number of different grades 
specified properties. The grades now in use are as follows: - 

• Grade No. 1 is a light distillate used- in vaporizing burners. It ■ * 
must vaporize easily. ' • * 

• Grade No, 2 is a heavier distillate, commonly used in general 

purpose domestic oil burners, . . *~ 

• Grade No, 4 ts a heavier oil, but one for which prehfeating usually 
is not required, 

• Grade No. 5 (Light) is an oil for burners capable of handl ing 'heavier 

oils than Grade No. 4. Preheating may' be needed for some types of •' 
burners and some climates. 

• Grade No. 5 (Heavy) is 'intended 'for similar service to Grade No. 5 
(Light). Preheating is usually needed for burning and, in col-d 
climates, for handling. < • * 
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Grade No. 6 (sometimes called Bunker C) fs ^ high viscosity oil used for 
commercial and industrial heating. It requires preheating for both 
handling and burning. 

Grades No, 1 and 2 are distillate fuel oils. This- means that they are 
the condensed products of 5 a distillation process. Grades No, 4, 5, and 6 are 
residual fuel oils. This means that they are leftover after distillation. 
The oils grow more viscous - that -is, they are thicker and more resistant, to 
flow - as one proceeds from Grade No, 1 to Grade No, 6, Notice that Grade 
No. 3 is not defined, " ' 

The American Society for Testing and Materials (ASTM) specifies standards v 
that the various .grades of oil must meet. There are a number of characteristics 
that determine grade classification and suitability for various applications. 
A few of the properties specified in the ASTM standard for fuel oils are given 
in Table 1 in order to illustrate how the properties change from grade to J grade, 

but this is only a partial list. The flash 4)oint -is-dafi ned as "t heLjnax-imwn 

temperature at which an oil can be stored and handled," Minimup/values for 
flash point may be prescribed by s.tate and local laws. The D*fur point can\^ 
be defined as "the lowest temperature at which an oil can pfe stored and still 
flow," ' > 



TABLE 1, ASTM STANDARD .SPECIFICATIONS 
FUEL OIL GRADES (PARTIAL LIST), 



3R 



Grade 


Minimum 
Flash Point 
(°C) 


Maximum 
Pour. Point 

(°c) ■ 


Maximum Water 
andx Sediment 
(Volume %) 


No. 1 


'38 • 


-18 


Trace 


No. 2 


38 


-7 


0.1 


No. 4 


55 | 


_ _ -7 


0.5 


No. 5 
(Light) 


55 




1.0- 


No. 5 
(Heavy) 


55, . 




* 1.0 


No. 6 


65 - 




2.0' 



Some typical properties of oils in the different grades are listed In 
Table 2. These values are not defining standards for ea ch grade, as the' values 
in Table 1 are. Rather, the values in Table 2 are values that one might expect 
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to obtain ih fuel oil of ;the specified grade. These are'not exact values; 
they will vary somewhat with the source of the oil. 



TABLE 2. TYPICAL VALUES OF PHYSICAL PROPERTIES 
* OF FUEL OIL. 





Pour 

Point 

(°C) 


Heating Value 
(BttJ/gal) 


Density 


Grade 


lb/ga-1 


gm/cm 3 


deg API 


No. 1 


-37 


135,000 


6.8 , 


0.82 • 


. 42 


No. 2 


^-21' 


139^000 


7.2, 




32 


No. 4 


-7' . 


145,000 • 


7.6 




20 


No. 5 
(Light) 


-1 


*> 

148,000 


?. 8 


0:94 • 


18 


No. 5 
(Heavy). 


- -1 


151,000 


8.0 


0.95 


16 


No. 6 




153,1300 


8.3 


. 0.97 


• 14 



Heating^Value is an important property of oil. It specifies how much 
5 heat is produced when a gallon of oil is burned. Heating value is not specified 
by cin ASTM standard, but it does tend to increase as the grade number increases. 

, Table 2 alsojists the density^of the different grades of , oil in three 
different uhjts: ^>bs per gallon, grams per cubic centimeter, and a scale 
called degrees API. Jhis last* unit of measure, .-which is specified. by the 
American Petroleum Institute (API), is* qpeasured^n a hydrometer. (Note: Density 
of water is about 1 gm/cm 3 ; therefore, the informarHofNgtven in Table 2 stows 

that oil .is less dense than waterrjf^ * ~~ s 

Because th.e heavieir^g*%des of oil are used most of ten- for large in- 
stallations su^th as electric generating plants, th 4 e value of 150,000 Btu/gal 
can be adopted as the heating valufe of fuel oils used in industry. Table 2 
shows^that this approximate? the heatlrsfvalue of the heavier grades of fuel 
■ oil to within^a few pence/it ef .thei^exact value. 

Table £ has presented information' about^tKfe-sterr^^ fuel oil. fhe 
density of fuel oil, of course, changes with temperature. Because fuel oils 
are sold on a volume basis, the delivered \olume is generally corrected by 
a factor that depends on temperature. The delivered volume is corrected to - 
what it would have been at 60°F. k The correction factor depends on the density 
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Qf the oil, and on the tempera- 
ture. The volume at 60°F is 
equal to the volume at -the 
given temperature multiplied 
by the correction factor. 
Figure 1 shows the correction 
factor appropriate for oils' 
having different values of 
APi gravity. 




1.02. 



1.00 . 



0.98 



0.96 _ 



API GRAVITY 

5-14 

10-34 

35-49 




—I — 
40 



1 — 
80 



120 



160 



TEMPERATURE (• F) 



=n?perature Dependent 
Correction ^a'ctor for Fuel Oil Volume. 



EXAMPLE A: USING CORRECTION FACtOR TO CALCULATE VOLUME. 



Given: One thousand gallons of No. 6 fuel oil at a temperature of .18°F. 

Find*: How many gallons one would be charged for. * ' 

Solution: From Figure 1, the appropriate correction factor at 18°F \§ 11.015. 
~ This value is obtained by using the curve for the API gravity in 
the range of 5 to 14. One would be charged for 1,000 x 1.015, or 
1,015 gallons. m ^_^_ m 



Table 3 presents- insinuation about the chemical analysis of some grades 

of fuel oil. These can ''be considered' as approximations rather than exact values 

r j * 

for all cases. The chemical composition will "^rr^t somewhat according to the 
source of the fuel op. Generally, the percentage of carbon does not change 
greatly through th^ different grades, fhe percentage of hydrogen decreases 
somewhat as%ie qfiesf from Grade 1 'to Graded. The- amount of impurities, 
especially sulfuK/increases as one goes to the higher numbered grades. 

./ ' 
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TABLE. 3. TYPICAL CHEMICAL COMPOSITION OF FUEL OILS. 



Grade 


Wei-ght Percent 


Hydrogen 


Carbon 


Sulfur 


Nitrogen 


Oxygen 


Ash 


1 ' 


13.8 


86.1 


0.1 


0 


0 ' 


0 


2 ' 


12.5. 


87.2 • 


0.3* 


0!02 


0 . 


0 * 


4 


11.8 


87.4 


0.8 






0.03 


5 ' 


11.2 


87.8 


1.0 






.0.03 


6 ' 


9.7 


85.9 


2.3 




2 


0.12 



EXAMPLE B: 'CALCULATING HEATING VALUE OF FUEl-OIL 



VALU 



Given: The data in Table 3. 

Find: The heating value of No. 6 fuel oil. (Note: Heating values given 
in Table 7 of Module EP-01 will be useful.) 

Solution: From Table 7, Module EO-01, the heating values of carbon, hydrogen, 
and sulfur are 14,447 , 60r958r-and 3 7 98Q-B tu/1 b , resp e ctively . — For- 
one pound of oil, the heating value due to carbon will be as fol- 
. lows: ^ * 

0.859 x 14,447 = 12,410 Btu. ° 

This uses the percentage of carbon specified in Table 3. The heat- 

« 

ing v^Vue due to hydrogen will be as follows: 

- 0.097 x 60,958 = 5,913 Btu. 

The heating value due to sulfur will be as follows^: 

0.022 x 3,980 = 92 Btu. 

Adding these contributions gives* 18,415 Btu/lb/ Since the density 
of No. 6 oil is about jB.~3 'lb/gal (Table 1), the heating value can , 
* be ; expressed Jas follows: 

18,415 Btu/lb x 8.3 lb/gal = 152,845 Btu/gal . 

This figure is in reasonable agreement with the heating value in 
Table 2. 
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The cost of fuel oil decreases as one 'goes from lower grade numbers to 
higher ones. The complexity of handling and burning the oil also increases 
as one goes to the higher gradfc numbers* Thus, domestic and small commercial 
space-heating applications usually employ Grade No, 2, which "is easy ^handle. 



5, and 6 are used for. larger industrial and 
are appropriate for use in large, costly fur- 
oil are hsed, 'Because of its relatively low 
jsed for generation of steam and hot water in 

major source of 1 heat energy for producing steam 



and to burn. Grade numbers 4, 
commercial installations. The} 
naees where large quantities of 
cost, Grade No, 6 oil is often 
industry, 

< Id summary, fuel oil is a 
and hot water. It >is an important energy sdurce for space heating in homes, 
offices, and industry; for industrial process heat; and for electrical power 
generation. 

McutuAaZ Gcu> 



\ 



Natural gas is a term applied to gases commonly found in the same-geological 
formations as petroleum. It is open 1 in contact with crude oil. Natural gas 
is a fossil ftiel , formed over mil- 
material. • It is a highly desirab 



ions of years through decomposition of organic 
e Aiel because it is clean, easy to burn, 



and .easily deliverable by pipeline:. Natural gas is by far the most widely 
used gaseous fuel in the United States, In 1970, it supplied about 30% of' 
the prjmary energy consume^ in the United States, 

Natural' gas is combustible, ^t^ui^t can contain nonburnable components 
such as carbon- dioxide and nitrogen, .There is no single composition for natural 
gas. It consists mostly of methane, with the chemical composition CH... How- 
ever,,, the composition can vary widely, with the exact compositi-on depending 
on the geographical source. Table ^ lists some of the constituent gases 
commonly found-in natural gas, along -with typical ranges fQT their percentages. 
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TABLE 4. COMPOSITION OF TYPICAL NATURAL GAS. 





jSKsBiica 1 Composition 


PercenJ^ige 


Met Kane '\ 


CH U 


70-963 


'Ethane 


C 2 H 6 


- 1-14% 


Propane 


C 3 He- ' ' , 


0-4% 


Butane 


C14H10 


0-2% 


Pentahe 


CsHi2 


0-0.5% • 


Hexane 


CeHn» 


0-2% 


Carbon dioxide 


C0 2 


0-2% 


Oxygen 


0 2 


0-1% 


Nitrogen 


N 2 


0.4-17% 


Hydrogen ' 


H 2 


* 0-2% 


Hydrogen sulfide 


H^S ^ 


0-0.2% 


He! ium 


H& ■ 


•0-2% 



Jhe heating value^of natural gas can vary from abbut 900 to 1,200 Btus 
per cubic foot, but^de Live red. gas is usually in the range of 1,000, to 1,050 
Btus per cubic foot.; The supplier can adjust the composition somewhat in order 
to keep the heating value of the delivered gas reasonably constant. 

The ultimate chemical composition of natural gas taken from some dif- 
ferent sources in the United States i£ given in Table 5. The ultimate chemical 
composition is the composition by comical elements (carbon, hydrogen, and 
so forth), regardless of how these elements are combined in CH^/CaHs, and 
so on. Heating values .are also specified. 



TABLE 5. ULTIMATE CHEMICAL COMPOSITION OF 
NATURAL GAS FROM' DIFFERENT SDORCES. 



Source of 
Gas % 


[ Density 
Xlb/ft r ) 


Ultimate Chemical Composition - t 
(Weight Percentj 


Heat infi Value 
(Ktu/cublc foot) 


Carbon Hydrogen Suifur Nitrogen and Oxygen 


Southern California 
Ohio 

• * 

Louisiana 
Oklahoma f * 


0.V*8 
0.048 
0.,043 
0.046 
0.048 
-4 -* 


75.25 23.53 - ' 1.22 
p 74.72 23.30 - 1.98 
69.12 23.20 0.34 7.24 
69.26. 22.68 - *8.06 
64.84 20>85 - 14.31 


1129 
1 1 16 ' 
964 
1002 
. 974 " 
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Because most natural gas is odorless, qompounds containing sulfur are 
usually added for safety purposes . ^EnougH^of the compound will usually be 
added so that the average person will re^jble to smell # the presence of the 
natural gas when it reaches a concentratiorf>F^t% in the air. This is well 
below the percentage at which a mixture of natural gas and air will burn* The 
addition of the odorous compounds does not significantly i<ncreaise sulfur con- 
tent . • . s 



EXAMPLE C: CALCULATING AIR NEEDED FOR COMBUSTION. 



Given: One thousand cubic feet of natural gas of the composition spec- 

v 

t ified for the Pennsylvania sample shown in Table 5, 
Find: . The amount of a>^ needed for complete combustion* 
Solution: Use the values from Table 7 of Module EP-01 for the theoretical 
air. To burn one pound of the natural gas, .the air needed to 
burn the - carbon is as follows^ 

0.7525 x 11.51 = 8.66 lb. ^ 

* And the air needed to burn the hydrogen is as follows: 

0.2353 x 34.28 =, 8.06 lb. ~ - ^ 

The total air needed is 8.66 + 8.06 = 16.72' pounds per pound of 
natural gas. Because 4^000 cubic feet of the natural gas weighs 
48 lb (1,000 x 0.048 = 48), the total amount of air is 48 x 16-. 72 
= 803 lb. At a density of 0.0793 lb/ft 3 (at 60°F^ancl one atmo- 
^ • sphere of pressure)", this will require the following: 

• Q g°g 3 = 10,216 cubic feet 'o(jnr. * * 



* A mixture of natural gas and air is flammable only within certain Hmits 
for the percentage of nattn*$J gas in the mixture. The lower limit is about * 
5%; the uppef limit is about 15%. If the percentage of natural gas lies be- 
„ : tween 5 and 15%, it is flatomable. If th&\pefcentage of natural gas lies out- 
side these limits, a flame will not propagate and the misture will not burn. 

Natural ^gas is a desirable fuel and an easy-to-use fuel; but, it is a 
limited resource. Thus, the known reserves of natural gas in the United States 
are declining. Moreover, natural ga$ is! delivered by pipeline, and it is 

! 
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difficult and uneconomical for it to meet the needs during peak demand periods. 
Natural gas is widely used for space heating in homes and businesses and for 
steam generation in boilers of the size that produce as much as 250,000 pounds 
of steam per hour. In many cases, this industrial service is "iriterruptible" - 
which means that during periods of peak demand (as on a very cold winter day), 
fefae supply of natural gas to the industrial customers might be cut off. Theses 
customers, must then rely ^pon^f-UeV oil, or coal. This practice ensures con- 
tinued delivery of natcrral gas for heating of homes and small businesses. 

Natural gas is an important fuel for industrial use (generation of steam 
and electrical power). Its major use, however, is for space heating. Because 
of considerations described previously, the use of natural gas for steam gen- 
eration is largest in summer and other periods of relatively low total demand 
for gas. • # - 

* 

Liquefied petroleum, gas, (commonly called LP gas) .i,§ a mixture of gases 
of several types. It usually consists mainly of propane CC 3H 8 ) or butane ( 
(CfHioK or a mixture of fefiese two gases. LP gas can easily be liquefied 
with a moderate amount of pressure. It is transported and stored as a liquid 
and burned as a gas. The gas can be obtained by venting it through pipes 
directly from the storage vessel to the burner. When a valve in the pipe is ^ 
opened, the gas will flow because of the pressure in the storage vessel. N 

Commercial-! iquid propane and liquid butane -are also available., They 
are obtained by either the removal of the specified gas from natural gas or 
as a by-product of the refining of petroleum. ,Some of the propert^as^pf liquid 
propane and liquid butane are, listed in Table 6. Mixtures of propane" an^u- 
tane are also available. Their properties' lie between those of the unmixed 
products. 
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TABLE 6. PROPERTIES OF LP GAS.' 



Gas Type 


Propane 


ouuane 


Boiling point at 1 atm 
pressure (°F) 


-40 


+32* 


Vapor pressure at 10O°F, 






Maximum (psig) 


- 210 


_ . m 


Typrcal other gases 


5-10% 
Propylene 


5% 

Butyl ene 


Heating value (BWft 3 ) 


2500 


. 3200 


Flammability limits in 
air mixture (%) 


2.1-9.5 N 


1.8-8.4 



The boiling point is an important factor that affects their use. Because 
of its low boiling point, liquid propane can be used in winter without addi- 
tional handling. Liquid butane will Solidify (freeze) in cold weather. It 
has a higher boiling point ancf cannot be used in cold conditions unless heating 
is supplied. 

The heating Vaiue of LP gas is high, more than twice as high "as that of 
typical natural gas. In an air mixture, LP, gas is flammable at' lower concen- 
trations than natural gas (which has a lower flammability limit around 5%). 
Thus, care must be taken to avoid small leaks of LP gas. 

L-f^gas is an- important energy source. It supplies about 2% of the total 
energy used in the United States. It ii used to heat homes and^trailers, -.espe- 
cially in places where' natural gas is not available. Some small cities use 
LP gas instead of natural gas. -It is rarely used as the primary 'souce of 
energy for producing 'steam and hot water in industry. However, it is often 
used as a back-up fuel at times when the natural gas supply 4s interrupted 
because of high demand. Thus, LP gas is significant in its iisfi as a fuel for 
production of steam and hot water. v % • » 



Manufactured gas i? fuel gas made-from some other starting material, such 
•as oil or coal. The manufactured gases produced from coal are'described later 
in* the section on coal gasification. . 

. One type of gas man'ufattured from oil is called oil refinery gas.^Oil > 
refinery gases are by-products of the processing. of oil in an oil refinery: 
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They are the result of the thermal breakup of large molecules into sipa'ller 
gaseous molecules. This type of gas was once used for heating purposes in 
urban areas unttl natural gas became more popular in this application. Today, 
oil refinery gas is used mainly for heating purposes in the refinery in. which 

it is produced. . % ~ — — - ; ' - 

Most oil-based manufactured ga^es are used for specialized operations 
in industrial plants; or they are used a^specialty fuels*(such as aceylene) 
that are used in welding. The use of manufactured gases to produce s^eam and 
hot water is unusual, except in some cases for in-plant operations irv the 
facility where the gas is produced . o / 

Shalt QJUL 

Shale oil is obtained from a type of .sedimentary rock that contains an 
organic material called kerogen. If the rock is heated to a temperature around 
875°F in the absence of air, the kerogen decomposes to produce an oily liquid 
that can'be used as a fuel. Thus, shale oil is not a true petroleum product; 
rather, it is the result of a chemical breakup of the molecules that compose* 
kerogen. 

Rocks capable of yielding shale oil are distributed widely, including^ 
|the western United States. Shale'oil can be refined to produce gasoline, jet 
**fuel , apd fuel -oi,l. However, the economic prospects for development of shale 
oil are uncertain since it requires a major investment to produce appreciable 
quantities of it. Even at the current prices for petroleum, .shale oil does 
not appear to compete economically. Thus, shale oil is not a current energy ' 
source* in 'the Unitejl States, although plants for the production of shale oil 
are being constructed in other parts of the world. If the price of petroleum 
continues to increase, the situation may change and shale oil may become an 

* important energy source in the future. 

« — 

* , 
L1QUW AMV GASEOUS FUELS VERIVEV FROM COAL 

Liquid and gaseous fuels can be produced from coalJb^chemically combin- 
ing hydrogen with the carbort in the coal so as to produce a* liquid or gaseous 
hydrocarbon compound. In .one sense, such fue]s can*be cohsidered as being 
of fossil origin, since coal is a fossil fuel. This module previously con- 
sidered that the fossil gaseous- and liquid fuels' are normally found in nature 
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as gases or liquids. Production of gaseous or liquid fuels from coal involves 
a different technology and, therefore, will be treated separately, v 

The purpose of producing gaseous\and liquid fuels from coal is to supple- 
ment o r replace natural gas and fuel t\il ; which are in increasingly short supply 
Coal, on the other hand, is relatively abundant. Gaseous and liquid fuels 
are cleaner to burn than coal; they also are adaptable for use in vehicles. 
Solid coal, of course, is not a convenient fuel fox vehicles. Ip order to 
supplement supplies of oil and natural gas, a method of producing gaseous and 
liquid fuels from coal is desired. 

Three categories of gaseous and liquid fuels made from coal will be con- 
sidered: manufactured gases, coal gasification, and coal* liquefaction. Manu- 
factured gases provide fuel for the production of steam and hot water in in- 
dustry. Coal gasification and coal liquefaction are still under development 
and do not yet provide significant amounts of fuel, although they probably 
will become important in the future. 4 




There are several types of fuel gases that have been manufactured from , 
coal. Such gases were popular in the early 1900s until natural gas became 
widely used around 194b. After this, coal -derived gases fell into disuse, 
except for specialty applications. 

Producer gas is made when coal or coke is burned with a deficiency of 
air. Air and steam are blown through the coal. The resulting gas has a low 
heating value - approximately 140 Btu/ft 3 - and contains about 23% carbon 
monoxide, because of the low heating value, producer gas is not economical 
to transport for any distance; therefore, it is used within the plant where 
it is produced* Its 'applications include production of steam and hot water. 

Blast-furnace gas is produced as a by-product during the manufacture of 
pig. iron. It has a low heating value - approximately 90 Btu/ft 3 - and is used 
within the factory where it is produced. Typically, blast furnace gas is used 
for producing steam. It contains about 25% carbon monoxide, which is its most 
important combustible gas. 

Coke-oven gas is obtained in the production of coke from coal. It is 
produced from the volatile products contained in the coal. Coke-oven gas has 
a heating value of approximately 560 Btu/ft 3 . It is a by-product of the pro- 
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duction of coke in steel factories, where coke is to be used in the blast fur- 
nace; and -it is used entirely within the steel factory where it is produced, 
typically for the -production of steam. Coke-oven gas contains a high fraction 
'of hydrogen and methane. ^ k 

• Water gas is manufactured by passing steam through hot 'coke. It contains 
Iree hydVogen ajid carbon moncfcide as the burnable fractions and can be enriched. 



with oil to make" "carbureted" water gas. The oil molecules are broken up by 
heat to provide hydrocarbons in the gas mixture. Carbureted water gas has 
a heating value of Approximately 530 Btu/ft 3 and is used within industry for 
steam production. It has sometimes been piped short distances for Kome heat- 
ing, but this use has largely been replaced by natural gas. 

These four gases (producer gas, blast-furnace gas, coke-oven gas, and 
water gas) are gases that are manufactured from coal. They share two common 
characteristics: .they are used mainly inside the factory where they are made 
and their heating values are much lower than that^of natural gas. 

The technology of manufacturing these gases from coal has been known for 
years, and they are currently being used in modern industry for producing steam 
and^hot water. However,,, a technology capable of producing (from coal) a gas 
that has a higher heating valuer's desired. Such a gas could serve as a sub- 
stitute for natural gas. This possibility is considered in the next section., 
of this module that discusses coal gasification. 



CociL GcuU^lccutidn 

The techniques of producing manufactured gas from cdal should be considered 

to be coal gasification. The term "coal gasification," as. commonly used now, 

implies attempts to produce a substitute. for natural gas that could replace 

* • 

many applications of natural gas. It also implies more advance technology 

\ * ■ ■ 

than was^ used for the~irlder manufactured gases. 

The process of coal gasification involves reacting coal, which is largely 
carbon, with some material 'containing hydrogen under conditions of h.igh tempera- 
ture and pressure. *The result should be a light hydrocarbon, such ai methane, 
CH U . * 

For simplicity, this discussion considers coal as consisting mostly of 
carbon. Coal can be converted to methane gas according to the following chem- 
ical reaction: 
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This reaction can proceed at elevated temperatures as an exothermic reaction 
(that is, it proceeds with a net- release' of energy). It produces a gas that 
has a high heating value and that is similar to natural gas, which has high 
.fflet-hane-contervt^However^itLJiejeds. fre e hydrogen , which requires la rge guan- 
tities of energy to producei Therefore, most coal gasification procedures 
use multi-step' processes, with water (in the form of steam) supplying the 
hydrogen. A possible series of reactions of steam with coal is as follows: 

C + H 2 0 » CO + H 2 

CO + H 2 0 * H 2 + C*0 2 

CO + 3H 2 » CH* + H 2 0 

. C0 2 + 4H 2 i ■* CH- + 2 H 2 0 

This 'series of reactions will hSve the net effect of producing*me thane when 
coal and water are reacted. These reactions are all -endothermic (that is, 
they require heat to make the reactions occur). The heat can be produced by 
supplying some oxygen along with the steam. Partial combustion of the coal 
will provide the needed heat. In addition, some of the reactions may require 
the use of catalysts to make them proceed^eff iciently. 

A variety of different processes for coal gasification are under defelop- 
mnet. Perhaps the most familiar is the so-called "Lurgi process ," whVeh was 
first developed in 1936. In the Lurgi process, lump coal travels on a grate 
through the reaction chamber. Steam' and oxygen are also fed into the chamber 
from the bottom so, that they pass upward through-the coal. The chamber itself 
is a water-cooled cylindrical shell. The pressure inside the chamber can ^ 
be as high as 450 pounds pe^ square inch. The following set of reactions is 
believed to occur: 

c + o 2 , — co 2 • 

C + H 2 0 » CO + H 2 

C + C0 2 » 2C0 

CO + H 2 0 m H 2 + C0 2 

-C + 2H 2 » CH* 
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The top reaction provides the "heat necessary, to drive the other reactions, 
heating the bed of coal to a temperature around 2000°F, The bottom reaction 
provides the fueTgas, methane. It uses hydrogen that was released in the 
second and fourth reactions. The top reaction occurs only in a thin layer 
near the bottdm of the coal. The other reactions occur higher in the coal 
bed/ which may be about seVen feet deep. In this part of the 'bed, there is 
no oxygeoyavailable; so the fuel gasTs not oxidized. 

The efficiency of the conversion of energy stored in the coal to energy 
stored in the fuel gas may be around 77%, The fuel gas is extracted from the 
top' of the reaction vessel and is cooled in a waste-heat .boiler to produce 
most of the steam needed for the process. The gas is then passed through an 
absorber to remove sulfur. The result is a, fuel gas with a heating value of 
approximately 400 Btu/ft 3 - less than half that of methane. 

The Lurgi process has been described in some detail because it represents 
some of the typical ideas encountered yi coal gasification,. There are a few 
Lurgi gas procedures operating in the world, but this process ismot likely 
to be economically competitive in the United States - at least In its simple 
form. There are many other coal gasification procedures under development. 
The following are a few: the J3IGAS process, r the COGAS process, the HYGAS pro- 
cess, the Hydrane process, the Consolidated Synthetic Gas (CGS) process, and 
the Synthane process. It is not appropriate here to describe details of all 
these processes, although some of them have reached the status of pilot plant 
construction. Thus, the technology for production* of substitutes for natural 
gas js_ being developed. However, it appears that a large investment in capital 
may be the major obstacle to the* scaled-up technology of coal gasification 
that can produce a useful substitute for natural gas. 

At present there is no fuel gas being produced by coal gasification in 
the United States, except for a few small pilot plants. As natural gas becomes 
more scarce in the future, a substitute produce by coal gasification should 
become important, • 

« 

Coal LLqut&action 

Coal can be protessed in a variety of ways to produce synthetic crude 
otfl. The first liquefaction of coal was demonstrated in 1914, It was used 
in Germany during World War # IJ to produce synthetic gasol-ine-, — A-commere+a-1— 

* \ 
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plant in South Africa' has been in operation for over 20 years. Although coal 
liquefaction is not a new idea, it still needs further development to bec'ome 
an economical source of synthetic crude oil in the United States, 'As with 
coal gasification, there are great nee'ds for capital investment. 

Coal liquefaction can be illustrated by the so-called "Fischer-Tropsch 
process," named after the German chemists who developed it. Coal is gasified 
by using a mixture of oxygen and steam in a manner simila r to th e Lu rgi pro- 
cess. The resulting gas isjrich irTcarbon monoxide and hydrogen. This gas 
is passed through a bed of iron-based catalysts at a temperature around 450°F * 
and at a pressure around 360 psi. " The catalyst encourages chemical reactions - 
that lead to liquid products. The process can be directed by the choice .of 
the catalyst to make different types of products, such as methyl alcohol, motor 
fuels, or heavy oils. The Fischer-Tropsch process is the one used in the South 
African coal liquefaction plant. 

The economics of the Fischer-Tropsch process appear to be' debatable, bu.t 
the common' opinion is that this process will pot be economical in the, United 
States, A number of other processes are under development ,, and some pilot 
plants have been established. Some of the names of these projects include 
the following: the Char Oil Energy~~pevelopment (COED) process, the'Synthol % 
Process, the H-coal process, the Coalcon process, the Solvent Refined Coal 
,(SRC) process, and the Donor Solvent Liquefaction process. Jhese various pro- 
cesses approach the problem of coal liquefaction in a number of different ways. 
It is not appropriate at this time to discuss them all; however, it can be 
noted that pilot plants capable of producing a few hundred tons of oil per 
day have been established in order to demonstrate several of the processes. 
It is probab'le that coal liquefaction will leetd to an economical substitute 
for crude oil, especially as world oil prices continue to rise. At present, 
'therejs no liquid fuel available from coal liquefaction, except for the rela- 
tiv f ely small output of the pilot plants.. " 

GASEOUS AA/P LJQUJV FUEL FROM BIOMASS . V , 

r 

• Organic materials decay and- decompose. Under proper conditions, the -decay 
can produce liquids and gases useful for fuels. In fact, the decay of organic 
materials produced the fossil fuels, crude oil, and natural gas that are widely 
used today. - / 
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„ fuels can also be produced by the decay and processing <xf waste organic 
materials that are the by-prodpcts of farming, gardening, and everyday living. 
These waste products include such materials as corn stalks y -weeds, harvest- 
stubble, grass clippings, leaves, sugarcane, kitchen garbage, and manure ".from 
farm animals. 'These waste products are readily" available in extremely large 
quantities. In fact, the disposal pf these wastes poses a problem. Collec- 

, ti-vety-r- these products often are called biomass.* 

This section describes how gaseous fuels and liquid fuels can be pro- 

„ duced from biomass-. In practice, these fuels are not used for production of # 
steam in the United States. 

Gcuzoiu Product* ^ : 

The decay of organic products in \the absence of oxygen is called anaerobic 
decay. Anaerobic decay, iVi the presence of certain bacteria called anaerobic 
bacteria, yields methane gas (ChU). Methane, the main component of natural 
<jas, is useful as a fuel. - Anaerobic deca^ occurs underwater - in stagnant ponds, 
for example - antf bubbles of methane gas can be observed- a§ they rise to "the 

surface. Anaerobic decay that leads to methane can also be produced in air- 

f 

tight tanks, called methane digesters. * 

Irr contrast/ decay in-£he presence of oxygen leads to a different mixture 
of gaseous products - including ammonia -and carbon dioxide - that are not use- 
ful for fueVs^roduction. 

Methane digesters can include the "batch" type, which are loaded, sealed, 
and later emptied when the gas has been produced. "Continuous" tligesters are 
loaded with smaller amounts of material on a regular basis, "and gaseous fuel 
c|n be extracted regularly. Continuous digesters are mor<* useful for providing 
a continuous supply of ^ue] . 

The output of the digester, in addition to the gas, produces a solid, sludge 
and 1 iquid* products called supernatant liquid. Both the sludge and the super- 
natant liquid are used as fertilizers. Also, a material called scum is pro-" 
duced. Scum is a course, -fibrous, and essentially useless material that can ■ 
clog the digester. The gas,- called bipgas or d'ungas', accumulates at thfe top . 
of the tank. * , 

The process -proceeds rapidly at a temperature around 95*F. In hot climates, 

'the temperature can be easily maintained without assistance. Methane digesters 

., • * * * 
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have long been used in India, for example. In 
the digester an J 'auxiliary heating will be 
duced can" be used fhr "heating. _ 

. fc One possible design for a" methane digester is shovfti in Ngure 2. The 
input material is mixed in a small tank arjti delivered by pipe to the bottom 
of* the digester. Partially 
' digested material passes 
over the top of the dividing 
wall i pto the aecond-compart- 
ment. This arrangement pre- 
vents the 1 withdrawal of m 
material at too early a' * 
stage. Gas is collected 
at the too, and the solids 
and liqui^^are collected 
in the discharge tank. 

Another popular design 
is the horizontal displace- 
ment system. Material is., 
inserted a % t one end' of a 
horizontal cylindrical tank 
and is withdrawn from the 
other end. 

The heating value of 
the biogas varies, but often ■ 

it falls in the range, of 580-750 Btu/ft 3 . Methane 'digester's can convert 60- 
70% of the energy Content of the input materials to energy that is available 
as fuel * • 

\ Methane digesters in the United States are usually small units, and they 
areSjften used on farms, TJie gas normally is used for cooking and heating 
and for pov<ering machinery. The sludge and liquid are useful as fertilizer. 
A few munici^l sewage* plants utilize biogas - typically for driving turbines 
Only a very^mall fraction of the easily collectable biomass is now used 
to produce fuel gas. The biogas produced from biomass is not used for .pro- 
ducing steam or hot water in industry on any practical scale. However, for 




Figure 2. Diagram of System for Production 
of Biogas. 



EP-02/Page 21 



65 



the future, biomass could be a valuable renewable source.of fuel. 
Uqtud PnoduoAA 



The main emphasis on production of liquid fuels from biomass is* the pro- 
duction of alcohol which is intended for use as vehicular fuel^Alcohol can \ ' 
be used by itself (with an altered carburetor) as an automotive 'fue\, or it * 
can be mixed with gasoline and Used in unaltered automobifes. The mixture, 
called gasohol , is being- produced ana marketed - at least on a 1 imited scale — 
in the. Urrtteti States. It is most common in the midwestern part of the country 
where corn pj^oducts are abundaht. , X ' m . f 

Brazil has adopted a program inte^led to produce' fuel for vehicles in 
a large scale agricultural program. AlcohoV is produced from sugarcane and 
from a plant cabled manioc, which is specially grown* for this* purpose. This 
represents the largest program^for production of. liquid fuel from plant mate- 
rials. • c X • — -a 1 

/The United Statek-has a few commercial facilities and many experimental 
program! for producing. liquid\fuel from biomass* The process basically in- 
volves fermentation, which converts sugars in the plants Into alcohpl. Further 
development erf tlje process is needed to make it economical on a large scale. 

The 1 iquio\fuer (alcohol) produced from biomass is used as a substftute^ 

for. gasoline in Vehicles. It is not used for producing steap and hot water. 1 

v ' m 

\ \ *FUEL HANDLING 

^^fl'ki^se^ron of the mqdule describes some of the factors involved in the , 

handling of liquid and gaseous fuels, including transportation, v stdrage, pre^ 

parattpn for burning, and wastk disposal. Generally , Hiquid and gasspus fuel^s 

are easier tff handle than coal. \They can be shipped long distanced by -pipe- 

line, need little preparation for burning, and product less waste -than coal. 

The tliscussion .in this section emphasizes the two mo/t widely used gaseous 

and liquid fuels: fuel oil and natural gas'. 

V 

TRANSPORTATION • 

Oil is transported by several; methods./ Very large oil tankers carry cru<^e' 
oil from outside the United States, especially from the Middle' East and South 
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America. Talkers <also carry oil from the Gulf Coast of the United States to 
the East* Coasts Barges^deliver oil from the Gulf Coast to*the T>orts of the v 
United States tjiat are accessible from the Mississippi River and its tribu- 

tarries. . 

Pipelines deliver oil to most of the sections of the United States that 
ar& not accessible by water. Pipeline shipping of oil is probably the most 



* commop method of del ivery, inside- the "country . x ' % 

Relatively small amounts of oil are shipped by track and rail since the. 

* costs are much higher jthan , shipping by water or pipeline./ 

'The final delivery to the user is usually ma'de by truck or rail.' This 
involves only 'a shorr distance from a central stooge point'to whfch the oil 
was delivered by pipeline. ; . \ 

• Delivery of natural gas within the United States is almost all cfbne by 
pipelined A large network' of pipelines covers most of the cpuptr/. Natural 
gas is shipped long distances through the pipeline system and is delivered 
to the customer through smaller pipes/' * • ^ 

' Natural gas coming into the t United States from abroad is dejivered by 
ship. These large vessels capable of carrying natural gas are becoming quite 
commonplace. - * - \ 

Storage . • "« * "V 

Storage of fuels is needed to meet the changes in-.seasonal tjeman'dlfor 
•fuels. In recent years, ths'use of ]a>ge oil tahkers .has increased tba 'need . 
for storage facilities near places where the tankers load and unload* 

Storage in most parts of the United Spates is* provided by large cytin- * 

* drical -steel tanks. For Safety, the'tatiks are usually surrounded by e'arthen 
dikes capable^ of containing the ton tents.; The Assemblies of oil tanks" are ' 
known as tank farms. In California, large' concrete-1 ined Reservoirs are osed^ 
to store 'Oil.' For longer-term storage, underground storage in pave rns "and . * 
in salt formations has been used. * v \ * * - * 

The user fnay also provide storage* at the facility* wTtere the oi.l is to- 
\ be* used. This, offers a. reserve for periods of high* demand* for fuel. This 
type »of Storage is usually in the form of steel tagks. ■ ^ 



o 
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Pipeline companies and tftilitias store natural gas near* the users in 
order to provide a continuous siiflDlyj during periods of high demand/ Storage 
of natural gas is accomplished aboW ground in tanks sealed with a water ^eal^ 
Inflatable plastic domes are^tfooeing used. 

The preferred method for th^storage of natural gas 'is underground. % Under- 
ground storage offers th^^imt^economical metfjpd of storing such large volumes 
of natural gas. Depieted vfV or gas wells-catv be ^Fi-H-edHn-the^stimmer^nand — 
emptied in the winter. In areas where such depleted wells are not available, 
storage in geological formations which can trap the gas' is ijsecf. Tjie trap 
cyi ctfhsists of a dome-shaped lay^r of dense rock on the top, with water-filled 
sa'nd below. The sand is pushed back by gas pressure to provide room for the 
gas. * . ? „ « * 

Storage of natural gas is not usually provided by the user of the gas. < 
The fact that it is easily distributed through pipes makes this unnecessary. 

^quefied natural gas. is stored at locations near where tanker-5. load and 
unload. It also is stored to provide supplies for periods of -peak demand. 
It can* be stored in insulated metal tanks. or in buried- concrete tanks** In 
some cases, excavation in frozen eartfi has -been usee)/ 




PREPAR/TIOW FOR BU^WIA/G . / 

Compared to coal, £he preparation for burning of oil apd natural gas^fs"'"" 
relatively simple. The pressing of crude'oil to provide suitable grades' 
of -fuel has been performed at (he refinery.- The user Jias to do very little 
preparation/ The lighter grades of fuel oil can be burned .directly . He^ivieV 
grades of fuel oil, Grades 4-6, must be heated. Grade No. 4 may need to be 
preheated in cold^eather*. Grade No. 6 must always be preheated. 
./ 'Thus, to make heavier grades o^ qjl flcfw freely. through pipes and to pro- 
vide preheating for buying, heatingy^quipment i* prov.idecl in the storage' tanks 
and >along 'the piping for heavy grades of fu^l -oil.^ 

* Natural gas<i& delivered through pipes tp the user in a condition suitable 
for. burning. It" needs"no preparation for burning. This fact helps to make, 
natural gas a desirable, fuel . " \ - • 



f Page 24/EP-02 




68 



WASTE VISPQSAL 

■ J * ' 

Fuel oil and natural gas^are much cleaner /Dels than coal and offer fewer 

problems -with waste disposal. The ash content of fuel oil - eyen in the 

heaviest fuel oil - is usually below 0.2%. Since this is a very small value . 

compared to. that of coal, there is no problem of disposing large amounts of 

ash, as there is with coal. 

However, oil contains some corrosive elements, such as vanadium, nickel, 
sodium, and sulfur. These substances can lead to fouling and corrosion of 
the surfaces of the burner and the superheaters in the furnace. The removal 
of sulfur or the use of oil with low sulfur content is helpful. Control of 
the temperature of the steam so that~the maximum steam temperature is below \ 
1050°F reduces the production of troublesome corrosive materials. Additives 
such as aluminum oxide and magnesium oxide also help prevent corrosion. Con- 
' trol of the excess air to low vajues (around 1-2%.) also will reduce formation 
of corrosive materials. ^ 9 K 

In addition; sludge can accumulate in the storage tanks and piping for 
heavy oils. Periodic cleaning may be required, t 

Essentially, natural gas contains no ash, and waste disposal is not a 
pVoblem with natural .gas. 'The combination of easy handling, clean burning, 
and negligible ash problems makes natural gas an extremely desirable fuel. 

COmiJSTlOk SYSTEMS FOR LTQUW AMD GASEOUS FUELS 

The most importantTiquid and gaseous fuel.s for steam and hot water pro- 
duction are 'oil and natural gas. This section of the module discusses how 
these two fuels are burned. The equipment may have to be modified Somewhat 
when othe^ fuels are used. The low heating value of manufactured gases, *as 
compared to natural gas, would require a different floW rate whpn ajjjanufac- 
tyred gas is used. * - *\ 

The combustion system for coal was described in detaK^in Module EP-01. 
The, system included a firing method for delivery of 'the coal, a furnace in 
which the fuel is burned, *and a boiler in which water is heated. Generally., 
the furnace and boiler are similar for coal and for oil and for gas. In fact, 
some systems can burn pulverized coaT, oil, or natural gas, depending on which 
fuel is available at the time. Since these components haye already been de- 
scribed, this module will not emphasize furnace enclosures or boilers. 
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However, it will emphasize the burner part of the system - which is the dis- 
tinctive feature for gaseous and liquid fuels. 

The sol id' 'fuel coal had to be delivered by fa'irly ,compl icgted systems - 
for example, the stokers and pulverized coal -systems discussed in Module EP-01. 
Delivery of t oil and gas is much simpler. They are deliverd to the furnace 
through pipes, possibly with the aid of pumps and fans. For fuel oil Grade 
Nos. 4, 5, and 6, the pipes may have to be heated - at least in cold weather, 

so the oil will flow freely. <? t * 
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BURNERS 

The burner >s a device for producing a burnable mixture of fuel and air 
and for' introducing it into the furnace. Fuels will burn only when the fuel- . 
air mixture is proper. For example, natural gas will, burn only when its per- 
centage in an air mixture lies between 5-15%. 

Figure 3 shows a typical example 
of a modern burner. The fuel is > 
injected in gaseous form and under 
pressure through the nozzle. Fuel 
oil must be "atomized" into gaseous 
^form, as discussed below. The im- 
peller thoroughly mixes the air and 
ttfe fuel. Ignition is provided by* 
" a spark from the electrodes. The 
fire retention ring tends to stabilize 
the base of the flame so that it 
remains at the end of the nozzle, 
i The burners are mounted on the ver- 
tical walls the furnace. The 
flame then extends into* the furnace. 
Because natural gas is already 

3 , 9 

gaseous, it can simply be injected through the nozzle of the burner directly. 

Fuel oil must be atomized or broken up -into tiny droplets. The droplets are 

carried as a fine mist iri a stream of steanTor air. This mixture is pumped % 

» 

-through the nozzle at .prestiges up to 300 psi. Thus, the fuel oil is turbed 
into a form suitable for injection through the nozzle*. 




FIRE RETAINER 



• IMPELLOR 



Figure 3. Cut-Away View of 
Burner for Gaseous or Liquid Fuels. 
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The most common method of atomizing the oil is the use of the steam (or 
air) atomizer. Steam (or air) atomizers have- coaxial barrels inside the. nozzle. 
One barrel carries oW, and the other carries steam (or air). The two streams 
are combined near the end of the nozzle where they strike a-sprayer plate. 
This mixes the oil and the- steam (or air). When the mixture escapes from the 
nozzle, it expands, and the oil is atomized into small droplets. These atom- 
izeVs can be used with either steam or air as the mixing gas. Steam provides 
more efficient operation of the atomiser. It does not have to be supplied • 
from the steam produced in the bovter and, thus, represents some loss in 'the 
total steam production. v - 

■ ' The heavy grades of oil atomize properly when they are heated. This is. V 
performed with either electric or steam heaters.' Grade No. 4 fuel oil should 
be heated to about 135°F for good atomization; Grade No. 5 fuel oil should , 
be heated to about 185°F; and Grade No. 6 fuel oil should be heated to about 
210°F. . • 

' j • * 

THE COMPLETE COMBUSTION SYSTEM I 

The complete system for producing steam or hot water with liquid or gas-^ 
eous fuels consists of the following: 
•lOelivery* portion 

• Burners 

• Furnace, 1 - 

• Boiler . v v - 
' ■ The delivery portion of the system contains piping, pumps, and, in the 

case of heavy oil, heaters. This part of the system delivers the fuel to be 
burned. 

The previous subsection of the module described the burner* used for 

. fuel oil and natural gas. . 

The furnace is the enclosure within which the fuel is burned. 'It con- 
fines the- products of the burning. The burners for fuel oil and natural gas 
are located *in the'vertical walls of the furnace. The walls ^must withstand 
* the high temperatures of the combustion and must also resist corrosion'. In 
'mast modern furnaces the walls are "water-cooled. 

The design *of boilers for coal-fired systems was described iniodule 
EP-01. The boilers in systenys that use fuel oil or natural gas are similar. 
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Modern systems usually are the water-tube type, with small tubes\containing 
the water to be heated and heat being applied to the outside. However, the 
boiler's may be the straight-tube or bent-iube types, as disotiSsed in Module 
.EP-01. Most modern boilers are designed to operate in the temperature range 



of 1000-1019°F. 
lems. ■ 
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Higher temperatures are avoided'to minimize corrosion prob- 

t - I 

A schematic di>g^am of a system 
designed to be fired by^ither fuel 
oil or natural gas is shtfwn in Fig- 
ure 4. The system use£ vertical 
tubes and is capable if producing 
4.2 million pounds or steam per hour 
at a steam temperature of 1005°F. 
The height of a hymn being is in- 
dicated for comparis( 

Table 7 shows typjical perfor- 
mances of furnaces an/ boilers used 
with fuel oil and natural' gas and, v - 
for comparispn, pulverized coal* 
These are systems^f<)r steam produc- 
tion, not for applications like, home 
heating;- The* largest 'systems of 
<each size are comparable. The small- 
est systems tend to be oil or gas, 
rather than coal. In some cases, 
a system caa be designed to be fired 
coal, fuel oil, or natural gas. The fuel used depends pn the 

Therefore, even though a user 




S SSNG 
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c Diagram of a 
for Gaseous- 
Fuels. 



by all three: 

price and availability of the different -fuels, 
may prefer to use natural gas because of cleanliness, when the supply of natural 
gas is cut off to tfie industrial user in times of high demand, the user may 
switch to fuel oil or pulverized coal. 
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TABLE 7. PERFORMANCE OF FURNACES AND BOILERS. 



Fuel 


ileat Production 
(Thousands of 
Btu per hour 
per cubic foot) 


lixcess 
Air 

m 


Furnace Size 
(Millions of 
Btu per hour) 


Boiler 
Efficiency 


Stack 
Temperature , 
(°F) 


Natural das 


20-40 




5-15 


10-2000 


86 


300-frOO 


Fuel Oil 


20-50 




15-30 


10-2000 


87 


300-600 


Pulverized Cofol 


15-35 




15-30 


25-20*00 


88 


250-500 * 



RELATIVE APl/ANTAGES OF LIQUID ANP GASEOUS FUELS > 

The following section summarizes the relative advantages of gaseous and 
liquid fuels, including costs and environmental consfderatibns. Comparisons 
with coal are included for completeness. 

ECONOMICS 

The costs of using the different fuels described varies widely, depending 
on location and availability. In addition, the costs for all fuels have been 
increasing steadily since 1973, the time of the Arab oil embargo. Cost in- 
creases have affected oil and natural gas more than coal, because much of the 
United States crude oil is imported and because of concerns about decreasing 
supplies of oil and natural ga l s. Any comments concerning costs must necessarily 
include generalizations. ^For example, for a user located close to a supply 
of a particular fuel, the relative cos't of that fuel is lower. Table 8 pre- 
sents approximate costs of various fuels (given in dollars per million Btus 
of energy). - 



TABLE 8. ' APPROXIMATE COSTS OF VARIOUS FUELS. 
(Given in Dollars per Million Btus of Energy.) 







. 'Year 


«• 


"Fuel • 


1968 


1976 


' 2010* • 


Natural Gas 


•0,30-0.37 


2.00 


<• 9.41-18.83 


Fuel Oil 


0.29-0.35 


~I795. 


3.34-16.05 


Coal- • 


6.31-0.41 


2.21 • 


0.96- 3.86 


Synthetic natural gas 
from coaj 




6.2 




Liquid fuel from biomass 




•1.4-4.8 




♦Expressed in terms of 1978 dollars. 
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In the late 1960s, the price of oil and gas tended" to be similar for ste&m 
generation and tended to be slightly lower, on the average, than for coal. 
The range of prices, however, shows that 'coal could have been the least ex- 
pensive fuel in many individual cases. 

By 1976, the world price of oil had increased enough that oil. was more 
expensive than coal or natural gas. (Government regulation had kept the price 
of natural gas^from increasing as much as oil;) The 1976 numbers for oil, 
gas, and coal (shown in Table 8) are expressed in averages, and no ranges are 
given. Because supplies of natural gas to industrial users are limited and 
can be interrupted, the relatively low price of natural gas did not completely 
lead to replacement of coal or fuel oil for st^m production, 

Two approximate prices for synthetic liquid fuels are included for com- 
pari son. As o/ 1976, they were not economically competitive. Such fuels should 
become more economically attractive in the future. 

An estimated range of prices for the year 2010 is included in Table 8., 
The prices are expressed in terms of 1978 dollar^* Of course, there are many 
uncertainties in such projections. This is expressed by the wide ranges for 
the prices. In general, though, it seems that early in the 21st century, coal 
will be the least expensive, oil will be next, and natural gas will be highest. 
The relative cost of synthetic liquid fuels will depend on many uncertain fac- 
tors, including governmental policies and the rate of Capital investment. 

ENVIRONMENTAL CONSIDERATIONS 

Generally, liquid and gaseous fuels 1 are cleaner to burn and have Jess 
environmental .impact than coal. They release less sulfur and ash into the 
atmosphere than coal. Sulfur produced by coal--Pired electrical generating 
plants can lead to acidic rains downwind from the plants. Such rains are de- 
structive to ecological systems, especially lakes. Fish life in many lakes 
is threatened by such rains. 

Natural gas is clean to burn art^i produces relatively little environmental 
effects. Many fuel oils*, especially the heavier grades, do contain some sulfur 
and ash. The stack gases do require cleaning to remove these products. 

Considerations of environmental impact and the cost of sulfur removal 

can change economic analyses. Thus, coal may be the cheapest fuel on an as- 

received -basis, but the costs of cleanup of the stack gases might make it less 
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so than fuel oil or natural gas. % 

1 j Fuels manufactured by gasification or liquefaction of coal must have the^ 
Sulfur content removed. Scrubbing of the product to remove sulfur is an. im- 
portant step in these processes. 

Fuel's manufactured by gasification of bic>mass would have little environ- 
mental impact. However, large-scale production of liquid fuel fronTbiomass 
may have undesirable environmental effects. It could require conversion of 
.valuable farmland to growth of the plants needed for alcohol production. The 
burning of the alcohol itself is relatively clean and :Would produce fewer un- 
desirable combustion products than the burning of gasoline. m * 

sumw of advantages anv uses 

For summary purposes, Table 9 compares the relative advantages and dis- 
advantages of the gaseous and liquid fuels that have been discussed. It also 
surmtarizes the importance of each fuel used in the United States. The comments 
are derived from the discussion of each of the fuels. 



TABLE 9. COMPARISON OF GASEOUS AND LIQUID FUELS. 



1 ucl 


Advantages 


Disadvantages 


Application in U.S. 


l-ucl Oil 


Clean and easy to burn 
compared to coal. Basy 
to deliver. 


Nonrenewable resource. 
Supply decreasing and 
price increasing. 


Very widely used, often 
used for steam produc- 
tion. 


Natural Ub 


Cleanest of common 
fuels, no ash, very ^ 
easy to deliver, han- 
dle,, and burn. 


Nonrenewable resource. 
Supply decreasing und 
price increasing. 


Very widely used, o^ten 
used for steam produc- 
tion. * ^ 

^ 


LP Gas 


Very clean. High heat- 
ing value. 


Nonrenewable resource* 
Supply decreasing and* 
price increasing 


Important energy source. 
Mainly used for space / 
heating. 


Manufactured 
Gas 


Can be aade from coal. 


Low heating value. 
May contain carbon 
monoxide. 


"lised mostly in plant, 
whWe it is made. Used 
tor steam production. 


Gab fron Coai 
Gasification 


Coal in good supply. 


No current production. 
Capital investment 
needed. 


Very small. 


Liquid Fuel 
fron Coal 


Coal in good supply. 


No current production. 
Capital investment 
needed. 


Very small. 


Cas fron 
btomass • 


Renewable source. 


No large supply avail- 
able. Large invest- 
ment needed. 


Small supplies, bsed on 
s^ite of production. 


Liquid from 


'Renewable source. 


No large supply avail- 
able. Large invest- 
ment needed. 


.Small supplies, intend- 
ed as vehicle fuel. 
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INTRODUCTION 



This modules discusses the, generation of steam, hot water, and hot air, • 
using thermal ^nergy taken from solar collectors. On a clear day, when the >, 
sun is directly overhead, the sun delivers energy to the earth's surface at 
a rate of approximately 1000 watt 7 s on each square meter of surface. Solar 
collectors can harness this energy for space heating, water heating, cooling, 
industrial processing, and generation of electricity. This module describes 
the principles of operation and the types of equipment involved in the utiliza 
tion of solar energy for these applications. The module also discusses system 
designs, including tftefr relative advantages, limitations, and practical uses. 



{ PREREQUISITES 

\ - 



The student should have completed Fundamentals of Enfergy Technology and 
Modules EP-01 and EP-02 of Energy Production Systems . / , 

r ; ; OBJECTIVES 

Upon completion of this module, the student should be able to: 

1. Define the term "solar constant" and state its numerical value. 

2. Given the necessary information, calculate the maxfmum efficiency for 
a solar energy system. ■ t . 

3. Describe flat-plate collectors and concentrating collectors, and include 
the following information for bath: the method of/operation, the rela- 
tive temperatures and efficiencies, the relative advantages and'disadvan- 
tages., and^the. practical applications. 

4. Compare air-based solar ejiergy systems and water-based solar energy sys- 
tems. Include similarities and differences in the*collectors and storage 
systems. Describe th6 relative advantages and 'typical applications for 
both types. 

5. Describe methods for producing high temperature steam. Include the axial 
tower and the parabolic collector. ' 

' . * EP-03/Page 1 
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SUBJECT MATTER 



solar" radiation 



) 



The sun delivers*electromagnetic> radiation to the surface of the earth. 
This electromagnetic radiation is mainly present in the infrared, visible, 
and ultraviolet portions of the spectrum. 

Electromagnetic radiation is radiant energy that<travels at the velocity 
of light (3 x 10 10 f/s), It has a^wavelike character since the waves are 
rapidly oscillating electric and magnetic fifelds. The waves can be character- 
ized by the frequency of oscillation of the field'or by the wavelength (that ■ 
is, the distance between peak values of the electric or magnetic fields). The 
wavelength x and frequency f are related by Equation 1 below: 



Xf 



Equation 1 



where 



cm. It 



\ = Wavelength. 

f*s Frequency. c 
c = Velocity of light. 

Light /Ts the green portion of the visible spectrum, with A = 0,5 x 10" 
a frequency equal to f = 3 x 10 10 /0.5 x 10" 4 = 6 x 10 1 * Hz. 



The 
tion — with 



ord 



"radiation" is sometimes interpreted as meaning nuclear radia- 
ileasant connotations. But in the broader sense, electromagnetic 



radiation includes things such as radiowaves and visible light, which are re- 
garded as beneficial. Figure 1 shows the range covered by electromagnetic 
radiation, with some familiar. types of electromagnetic, radiation indicated. 
The wavelength and frequency scales are also indicated. When solar energy 

wavelengtV 



0,1 1 10 100 nm 



GAMMA 
RAYS 




MICROWAVE 



TV 



RADIO 



10 



, . . . . . . n — m — i — i — r^r; 

|1«1<; 8 10 17 10 ie i0 15 ld ,4 l0 l3 10 ,2 10 11 10 l0 l0 9 '10 8 10 7 10 8 10 5 10 4 

FREQUENCY (HERTZ) * 

f • * 

Figure 1, The Electromagnetic Spectrum. 
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arrives at the surface- of the earth, it lies in the wavelength 'region from 
about 0,3 to 2 Micrometers' (pm), a ' £ - *' 

Everyday, large amounts of energy arrive at the surface of the earth. , > 
Without the energy delivered^ sunlight, t^ere would be no life on earthy 
Sunlight provides the Heat energy that.Jceeps the^earth^' temperature in a t 
habitable range. Sunlight also causes plants to grow, thereby providing the 
initial source of energy for,a : ll the food chains on eafcth. The energy stored 
all fossil fuels (coal, oil, -natural gas) was originally provided by Sun- 
light. For example, coal is-* derived from plants that lived during prehistoric 
times • These plants died, ar\d the dead plants decayed and became 'the carbon- 
containing material that is now mined and, N burned in th^form of coal. With 
only a few exceptions, sunlight has provided most of the^energy used on earth. 

\:The energy that arrives from the sun beats the atmcrsphere. and the oceans 
and causes circulation of air and ocean water.- Thus, energy from the sun is 
the cause of weather on earth, amount of. -sunlight reaching the earth's 
surface varies slightly as thte earth travels around'the sun in its yearly 
journey. These relatively small ctta'yig^sOead to the change of seasons. 

^Besides growing plants, the energy from sunlight can be used more directly 
to satisfy Qeeds of human beings. This energy can be used to heat air for 
space heating of fiomes, office buildings* and factories. It can also heat 
water, giving hot water and steam forspace heating and for industrial pro- 
cesses. The sj^n's energy can also be used to produce electricity directly. 
'This last use cannot be duplicated by other fuels, such as coa\or oil. 

Thus-,'' it is established that sunlight is an abundant source of energy. 
All that is needed is a "bucket" to catch it. A major portion of this module^- 
is devoted to descriptions of a suitable bucket — f the design of which is 
neither simple nor obvious. # * 

SOLAR CONSTANT (INSOLATION) 

How much energy from the sun arrives at the earth? The amount of solar 
energy that reaches the neighborhood of the earth is called the solar constant, 
or insolation, "insolation" is a term that describes the delivery of energy 
from the~sfy t^ the earth. The value of the solar constant is specified as 
the energy 'a^r4^n'ng> at the top of .the earth's atmosphere. "Because of absorp- 
tion by the atmosphere, the energy actually arrivfng at the earth's surface 
is somewhat less. 
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The numerical value of the solar cons^aift (or insolation) is 1350 watts 
per square meter. (This means that a flat surface facing the sun and outside 
the atmosphere -could collect 1350 watts for eacrt -square meter. of surface area.) 
The value of the solar constant varies slightly during the year since the dis- , 
tance from the earth to the sun changes somewhat. However, 1350 watts per 
square meter represents an average value for the solar constant.. 



FACTORS" AFT-ECTWG WCWENT SOLAR RADIATION 

The solar constant; defines the amount of sola'r energy that would strike 
a flat surface that is facing the sun and 'is located outside the earth's atmo- 
sphere. The amount of energy that reaches the ground is less because of factors 
such as absorption in the atmosphere, cloudiness, location on the surface of 
the earth, time .of day, and seasot^ of the year. The last three factors are 
related to the height of the sun above the horizon. 



V 



kbho option in thz Mmo^pHzKZ 

Even on a clear day, 'part of the incident solar energy is absorbed by 
the atmosphere. The effect of absorption by the atmosphere is shown fn Figure . 
2, which shoite the distribution of solar energy as a function of the wavelength: 

The top curve shows the distribution over the wavelength at the*top of the 

* > 
atmosphere. The second curve shows the distribution on the ground - at sea 

level, and on a clear day when the sun is directly overhead. Some of this 
energy is not penetrating t|)J^ie 



ground, however. Regions of yery 
high absorption (such* as l'.4 v and 
1.8 ym ) are .present. The absorp- >Q A 
tions are caused by specific mole- S f 
cules in the atmosphere, such as 
C0 2 and H 2 0. When the sun is 
close to the horizon, the sun- „ 
light must pass through- -a longer 
pa'th of atmosphere, and the energy 
reaching the ground is still 
lower, as the lovrar curve shows. 



OUTSIDE ATMOSPHERE 

• . \ 




ON GROUND. CLEAR SKY. 
SUN 13* ABOVE HORIZON 



fcS " 1 1.5 , 

WAVELENGTH (MICROMETERS! 

Figure 2. Wavelength Distribution 
of Sc>lar. Energy. 



81 



EP-03/Page 5 



Although exact values depend, on atmospheric conditions - thj< amount of C0 2 > . 
the amount of dust present, and so forth - Figure 2 does, demonstrate how solar 
energy is reduced in the atmospheres * ■ 

Evervin the best of conditions - wvththe suit, directly overhead in a clear 
atmosphere -incident insolation will be reduqed to about lftoo watts per square 
meter on* the ground. Under poor conations -{with clouds or A)az£-< solar 
energy may be reduced much. more. 'During daylight hours'^some light will always 

preach the surface of the earth; but with heavy cloudF^ haze, it will not 
come directly from the sun but will ! be diffused (come to the surface from. all '* 
directions because of scattering and reflection in the, atmosphere) . This fao 
t6r is important because some types of collectors can accept diffuse light,, 
whereas other types of collectors neecf light in- a coll imated**beam directly 

r from the sun. The first, type of collector can operate to som^ % extent on a ; 
cloudy day, whereas fhe second type will operate only under&clear conditions.. 
Figure 2 is important, too, because it def i^e s s. the n^cfessary properties 



of the'col lector. The^ collector must 6e capable of absorbing energy at the 
wavelengths that; solar energy reaches the groqnd.^ 

The amount of £olar energy reaching the surface of the ea.rth is also de- 



This is galled .sojar 
For a solar altitude 



pendent upon where the sun is located above the horizon 

altitude, and is Expressed in degrees abotfe«the horizon 

o- of 90°, the sun is located directly overhead*. 

Solaf altitude varies with several factors: location of the ^arth (lati- - 

tude), time 'of* day » and season of the year. 

Solar altitude changes during the course of eath*day. Figure ? shows 

£ . ■ • > 

the, amount of> sblar energy striking a horizontal surface* as related to tji§ time* 

of day. The figur^is relevant to a latitude of- 40° N. Curved arfe. shown for 

9 June 21 and December 21. >Tbe change is due to the change in sblat altitude 

during the day. ; ^ b * • , 

j 



> 
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Figure 4 shows^ how the 
solar energy that reaches the 
earth's surface on a clear day 
varies with solar altitude. 
Curves afe showp for, both a 
horizontal siirfiace^and a sur-. 
face tbat faces directly to- 
ward the sun. The maximum in- 
flux of solar energy occurs 
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wheft the' sun is directly over- 
head (s'olar -altitude = 0°<). 
It rs also beneficial to have 
„ a collecting surface that R , 
faces ctoward the sun. 

r , .When the* sun is diVectly 
•oyVhea^on a cle&.day, solar 
energy ^arrives at a rate of approxi- 
ftately'1000 watts p6r square meter. 
The rate of energy -arrival rapidly de- 
creases as 7 ther sun appro % aclies the hori 

The axis of ihe earth's rotation 
ilted (Vffth fespect tq the orjnt 
of !ts yearly revolution* around the 
-sun, TheVe'toreV the amount of sun-' ; 
light reaching the earth's surface 
varies 3oS^wfiH latitude apd 'with the 
reason* off. the. year. JJecause -of- the 
tilt of>thfi earth !Vax : i$* the sun can" 
k be recti y overhead ja^some time of. 
the year at' laMtlktes between^23}° - . 
.north latitude *pd ZZi° south 'latitude 




TIME OF DAY 

Figure 3^° "Insolation on a Horizontal 
Surface for 40° North Latitude. 




90 80 



* solaa altituoc *fo£Q4££3 "abo^e horizon* 

Figure : 4. Insolation on Ftat- 
Surfaces on 'a Clean Day.* # - 



Outside of tfeftfnge, the sun carf nevjer be directly overhead. The otHy'pact 
of& UfPi ted States that falls within, this range is JJawajU .^At Minneapolis,, 
Minnesota {Jatitirie.&'f ' \he,9?un is -6^i* aiboy^th^ horizon at.noon.on 



June 21 - which is the highest that it ever gets at that location. 

In addition to latitude, arK^er 'factor that affects the amount of solar 
energy reaching the earth is the amount of cloudiness that is present. In 
the southwestern Unite?! States, wherejjjo^l days are clear and cloudless, there 
is a great deal of solar energy available. However, along the coasts jof Oregon 
and Washington, • where many da.ys* are cloudy, the arrival of solar energy is 
reduced. 

Figures 5 and 6 show how solar energy varies. with geographical locations 
and the seasons of the year. Figure 5 shows the total daily solar energy 
(in kWh/m?) that strikes the United States -in the summer. The curves are 




Figure 5. Contours^of Total Daily Solar Energy Striking a Surface 
* - Directly Facing the Sun in Summer. (Units are in kWh/m* . ) 

.relevant to a surface facing* toward the sun. Figure 6 shows similar curves, 
for the winter. The * southwest "part of the United States receives a large 
input -of solar energy, whereases northeast, pact of the United States anjj 

\tlje. Pacifip Northwest receive rel'atf^ely low amounts of 5^1ar energy ~ For' 4 
a ^iven^ljbcation/tfje amount of solar energy that strikes tftfc, earth is mt^h 
less in wintet^Jhan in summer. • ^ . J V - 
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Figure 6. Contours of Total Daily Solar Energy Striking a' Surface .' 
'Directly Facing the Sun in Winter. (Units are in kWh/m .) 



Figure 7 shows the total solar energy that reaches the United States' i 
in a year. The total amount of solar^ energy tfiat reaches the earth's surface 
is great; particularly in the x Southwest^ Even in the Northeast,' solar energy 
is a primary* source of energy. If all the solar energy that is available 
were collected and used for heating purposes alone^ it wo^ld provide a sign/if-, 
-icant source of energy and would reduce the demands^on other sources 

Example a: determination of collector ^surface 

A homeowner in Columbia, Missouri, uses 600 kWh of ' electridty 



G i ven : 



each month in the winter, with the solar collectors , operating a 
10% efficiency 



Find: 



Solution: 



V 



How many square meters of collector surface that would be njeedpd 
to 'provide this amoun.t of electrical energy 
For a month of 30 days, . the homeowner will use .600/30 = 20 JcWh/day 
(d). At 10% efficiency, this means' thjit 200. kWh. must be incident 
• each day. From Figure 6, at Columbia, Missouri,. 4 kWhlof Ue*nv 
are incident on each square meter of surface that faces di 

*r • - ... 4— 



eneifgy 

iy 



rec 



• 85 



,EP-03/P<fge 9 



VI 



fxample A. Continued. 



.toward the surft This *is the average daily value in the winter. 
Thus, on the' average, -the collector should have an area> of . 
20074 = 50 m 2 . . * 




Figure 7. Annual Insolation ; in the U.S, 
(Numbers, indicate kWh/m 2 .) % 



ABSORPTION BY VARIOUS MATERIALS - . - * - 

The material that f orms ,the collector must be absorbing at the wavelengths 
of the radiation. that the sun delivers. /^If the material T^frfot absorbing, the 
incident energy will be re/Tecled from the surface and lost fdr any purposes 
of useful energy,. Figure zcleflned how Incident sol-ar energy is distributed 
with/ respect tp wavelength. The wavelength region of interest is approximately 
0.3 /to Z ym. ' ' > \ . ' 

Figure 8 shows, the wavelength dependence on absorption, for s'everal mate- 
rials. For both aldminum foil and white painty absorption is low in the spec- 
tral region of interest. These materials Would not make gogd surfaces for «# 
solar collectors. Blacjc paint, on the other hand/ is high in absorption in 
;the important spectral range. On solar.cbllectors, -black pa in J can be usecf 
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for absorptiog. as, the outer layer. In fact, it has been used in some simple 
cp Vector ?. ^ 9 \ \ 

Other,. more sophisticated coatings are employed to provide high absorp- 
tion for solar radiation, for example, 'an electrolytic coating called a Tabof 
selective surface provides about, 90% absorption in the region of interest. 
In addition, the Tabor selective coating has low absorption at long infrared 
wavelengths and around 10 ym. This is important since low absorption ih that 
region reduces retaliation of energy from the surface - which helps reduce 



losses of the absorbed energy 
superior to black paint. 

Other- similar 
coatin gs are avail- 



For this reason, a coating ?uch as, Tabor is 



100-f 



50- 



10* 



20- 




8 LACK PAJNX 
WHITE PAINT 



TABOR 
ALUMINUM 



-r^ r ! 

\. 5 tO 15 

WAVELENGTH CMWROMETERSJ 



20 



Figure 8. 'Absorption vs. Wavelength for 
Several Materials. 



able. For example, 
a coating of Mack 
copper oxide on * 2 

OA . O 

copper' metaj has an s 

'absorption " g 

< 

approximately 91% in , 
the region of inter- 
est for absorption, 
but a 'low absorp- 
tion (approximately" * 
16%) *in the long wave- 
length region. Thus, oxide type coatings with properties such as black copper 
oxide are well-suited for\the absorbing surface. * 

..the basic idea is that the outer surface of > the absorber should have* 

a high absorption in the spectral regioij where the sunlight is and $hT)uld 

* ' » • • • « 

have low absorption in the longer wavelength region wherq there is little 

solar .energy. Suitable coatings with the 1 desired properties have been developed 

' EFFICIENCY OF -CONVERSION OF SOLAR ENERGY TO 'USEFUL HEAT ~ 

..Con vers ton. of solar energy **to useful heat do'es not.occur with 100% effi-* 
ciericy. The -Jbtal efficiency of the Iblar collector 'system, n, is the product • 
of two factors: the. so-cal led collector efficiency, n , and the cycle effi- 
ciency, n . /' , « 



8' 
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n - n c n e 



.where: 



n = Total .efficiency of the solar collector system. 



n c = Collector efficiency, 
n e = Cycle efficiency. 



Equation 2 



The 



collector efficiency, n c > is the efficiency for absorption of the in- 



solation by the surface 'of the collector. As previously stated], there are 
materials available .with surfaces that can absr&rb solar radiation with high 
efficiency over the wavelength region covered by the solar radiation. Collector 
efficiency greater than 90% is possible. */ < , * 

The cycle efficiency, n e > 'depends on the temperature of t/h£ working fluid. 
The working fluid (usually water or air) circulates through tie collector 
and is heated to a temperature Ti. Then the heated fluid is iisecj to perform 
some function, such as space heating or driving a turbine. After it has per- 
formed that function - witfr the** heat" extracted from it - the Kuid is then ^^^A 
at a lower temperature T 2 and is circulated back to ttje collector. f 

Both temperatures, Ti and T 2 , must be expressed as absolute temperatures, 
that is, in degrees Kelvin^ {The relation between a temperature in degrees 
Celsius and a temperature in degrees Kelvin should b§ remembered. Add 273° 
to Celsius temperature to obtain Kel vin" temperature. ) 

The maximum possible, cycle efficiency- is given by Equation" 3 below: 



Equation 3 



ERLC 



where: 



n e = Cycle efficiency. 



Ti = Fluid initial J:emperature. * 

T 2 = Fluid final temperature. , f 

This value, called the Camot efficiency, is an idealised , value that 
represents a theoretical maximum. This maximum value can never be achieved 
_ in practice; there are inevitable losses of heat energy that always reduce 
the practical cycle efficiency below its theoretical maximum valqpj. 

Figure 9 shows the maximum cycle efficiency (from Equation 3) as a func- 
, tion of fluid' initial temperature p TFi. (It is presented for several values 
of fluid final temperature T 2 .) Ideally, in order to achieve high cycle 
efficiency, high values of the initial 'temperature must first be achieved. 
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The final temperature T 2 should be as low as possible, ' since a low final 
temperature means that the heat energy stored in the fluid, has been extracted 
efficiently. In practice, a final temperature T 2 lower than about 300' 
(27°C) is unusual. This is usually the value that is approximately equal 
to -the ambient temperature. 



o 
z 
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INITIAL TEMPERATURE 



• Figure 9. -Maximum Cycle Efficiency Vs. Initial 
•Tenlfterature for .Several Different Values of Final Temperature. 



EXAMPLE B: MAXIMUM EFFICIENCY. 



* : 7 

Given: A solar collecting surface has an efficiency of 95% for collecting 

sunlight. Air circulating through the cpl lector*?s heated to 

160°C. . Tfte air is used for space heating and, then, it is re- 

x jected at a temperature of 27°C* 

Find: r The maximum possible effij;ienc^ of the system. 

Solution: The collector efficiency n is given as 0.95.- >The maximum cycle 
efficiency is as follows: • ; 

rC • (T x - T 2 )/Ti, • ^ 
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. * Example B. Continued. 



where: Ti = 160 + 273 = 433 K 

and,. T 2 = 273-+ 27 = 300°C* 

Th,,c - 433 - 300 _ 133 n ,,, 
Thus > n e 300 300 ' °- 443 - 

The maximum system efficiency is. as follows: 
: n = n n = 0.95 x 0.443 - 0.421 or 42.1%: 



HOT WATER SVSTEMS 

In solar energy systems, sunlight is collected by being absorbed at some 
surface* There is some fluid contained within pipes or channels under the 
surface. The fluid is warmed by the sunlight; then it circulates to the place 
wifere heat is needed, for example, for space heating or 'hot-water heating. 
Heat is extracted from the fluid, cooling it to a lower temperature; then the 
fluid, is circulated back to the collector. 

In this section of the module, systems are described in which "the working 
fluid is water. Water has the advantages of being inexpensive and readily 
available. It also* has a relatively high value of specific heat, so a large 
amount of thermal energy can- be stored in the water. In practice, pure water 
is almost .never used because water is subject to freezing; In almost every 
section of the United States, the temperature drops below freezing^: night 
sometime during the .year. This would cause water jn thg collector to freeze 
and possibly rupture the pipes. Therefore, a mixture of water and antifreeze 
(usually ethylene glycol) is used. However, these systems will bef^onsidered 
as water systems. In water systems, another factor to consider is corrosion. 
The water must circulate throug^pipes, pumps, and heat exchangers; and it 
is important that no corrosion of^ these components occurs. Thus, chemicals 
that inhibit corrosion may also be added to the water. * 

-{n some systems, heat transfer oils are used instead of water. These 
oils are more expensive than water. But, with a proper .choice of oil for 
♦a given geographical location, the freezing problem can be eliminated. How- 
ever, the viscosity of the oil may change with temperature, ^causing the oil 
to flow more slowly through the pipes at low temperatures. The change in 
viscosity sometimes causes problems. The basic design of systems that use 
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heat transfer oils is similar to that of water systems; therefore, the dis- 
cussion of water-filled systems will also 'be adequate for oil-filled systems. 

The following paragraphs describe the basic components used in water*- 
f il led systems. The types of collectors are emphasized, including flat-plate 
^collectors and concentrating collectors. The design of "an entire system is 
discussed. Alternate designs are possible, but the description leads to an 
understanding of important components that are commonly used. * , 



¥LAT-PLATE COLLECTORS . - 

The use of solar energy begins with an absorbing surface upon which sun- 
light falls and is absorbed. The simplest type of collector, is a flat-plate 
collector. ,kr\ contact With the flat-plate collector's surface are tubes, pipes 
fins, through which the water moves^ A typical design is^shown in Figure 
10. . 



At the front 
of the flat-plate 
N col lector is a 
transparent male- 
rial that allows 
sunlight, in but 
reduces heat loss. 
The transparent 
material is usually 



SUNUOHT 



-ABSORBING SURFACE 



INSULATION 



-TRANSPARENT COVER 



WATER TUBES 



Figure 10. Schematic Diagram of a Basio 
Flat-Plate Collector, 



glalss>or plastic. Plastic is less .expensive than glass, but^it is less durable 
afld weathers less well than glass. Glass is usually used in well -developed ' 
commercial systems. Oft^n, twtayers of the transparent material will be " 
used to provide protection from h£at loss. ; 

The absorbing surface must have high absorption^for the wavelength region 
.in which the sunlight falls. Black paint is sometime^ used in homemade col- 
lectors. The more sophisticates coatings (such as oxide-coated metals) «are 
.*used in commercial systems. Such coatings provide better performance, but 
at increased cost. •• # • 

The backing layer of insulation Hs needed to reduce heat loss. Any heat 
conducted o 0 ut through the back of the "structure is lost and will result in 
reducifron ^ the collector efficiency. 



t 



91 



EP-03/Pa^e 15 



Tubing can take a variety of forms. For rtelatively inexpensive systems, 
( aluminum plates bent into V-^rooves have been used. The water channels ^re 
simply the spaces in the Vs between the aluminum and the insulation, i/t more 
sophisticated systems^ metallic tubing is bonded directly .to the §bsorbjng 
surfaces. ~\ • \ - /■ ' 

There are several possible designs, construction methods, and materials' w 
for flat-plate collectors. Currently there Is much experimentation underway 
to provide a good compromise between cost and performance. For instartce,— — ■ 
many enterprising amateurs have devised flat-plate collectors that can be 
constructed from inexpensive materials by -a reasonably 'handy-homeowner. At 
the other extreme, packaged collectors are being offered by a number of com- 
panies. The development of flat-plate solar collec tors is far from complete, 
wi£h many experimental designs stiT-1 being evaluated. 

Table 1. presents a 'Summary of some of the' materials that have been used 
in flat-plate collectors. There is no one standard way of constructing flat- 
plate solar collectors; therefore, a variety of materials are being used. ' . 

TABLE 1. MATERIALS USED IN FLAT-PLATE COLLECTORS „ 



Transparent 
materials 

'( 


1. Glass (single layer or multilayer) , 

2. PlJfftic (single layer or multilayer,) 

3. Combinations of glass and plastic » - 

Transparent honeycombs of glass or-plastic . - ^ 


Absorbing 
materials 


1. Metal surfaces * . ■* >' 

2. Plastics 

.3. Metal screening ' ' 
4. Cloth gauze ^, 
5l Porous foam v 

6. Dark liquids \ , 

7. Dark glass 


Coatjngs on 
absorbing v 
materials 

i 


1, Flat black paints '\ 

2. " Oxide coatings v 
* 3. Electrolytic coatings # 

4. Roughened surfaces 


Fluid 
containers 


1. Tubes welded, soldered, or roll-bonded to metal * * 
absorbers * % 
.-2. Channels in absorbing surfaces ; 
3. Fins in absorbing surfaces \ • / 


Insulation 


1. Fiber mat 

s 2. Plastic or glass foam ' ) * 

3. Reflective layers in combination with above material's 

4. Vacuum (in glass tube) - - 
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The flat-plate collector has a maximum temperature for the water in the w 
"system/ Thus, according to Equation 3, the c^cle efficiency is also limited. 
.Cycle efficiencies of approximately 30% are possible with current flat-pflat r e 
collector technology. 

With current techno^y,* temperatures up to 400 to 450 K can be produced 
with flat-plate collectors. These temperatures are above the boiling point 
. of water (373 K) , so the tubes must be '^pressurized to prfevent Jboiling. Trie 
temperatures that can 'be produced wiflh flat-plate collectors \re adequate s 
for many applications, including the following: 

• Space heating fn *esidehces 1 

• Hot-water heating in residences 

• Air conditioning /in. .residences, { • 

• -Space heating, hot-water heating, and air conditioning in small 
buildings (such as schools, medium-sized office buildings, and 
factories) 

• Industrial process heat and industrial process steam at reasonably 
low temperatures t ^ ^ ^ , 

Because the maximum water terfipfcrature is limited, flat-plate collectors 
are not suitable for some applications, including the following: 

• Generation of electricity . ' * ^ 

• Generation of industrial process heat and industrial process 
steam at high temperature 

• Cooking t> 

• Heating and air conditioning of large buildings, especially mu]ti : 
story buildings that have relatively small roof areas- in- comparison 
to the volume of the buildings v 7* 

CONCENTRATING" COLLECTORS ' 

* The maximum temperature and, hence, the maximum cycle efficiency that* 

can be achieved with flat-plate cgl lectors are relatively low. Concentrating 

collectors are used' when higher tejjiperatures are required. Such collectors. 

,use mirrors of various shapes to focus solarr radiation onto an absorbing sur-. 

• ♦ • 

face'. The area of the absorber is much smaller than the .area* of the reflect- 

ing surface; thus*, energy from a -.large area is moved to a small area. This" 



allows* production of much higher temperatures than those that are possible 
with simple flat-plate collectors. 

One possible design of a concentrating collector - the focusing collec- 
tor - is shown in Figure 11. This figure shows a cylindrical reflecting mir- 
ror with a parabolic cro^s section. The.sunlight is focused on the pipe, 

which 'has an absorbing surface. 



COLLECTING TUBE 




PARABOLIC MIRROR 



Figure ,41.' Example of Focusing m f 
Collector. ■ 



The pipe is filled with fluid 
(usually not water because of 
the htg+i temperatures that can 
be achieved). Molten salts or 
liquid metals such as sodium 
and poiassjum are $£mei^raes_jLis 
as the fluid. The ,pjpe may be 
surrounded with a glass tube 
to help reduce heat loss. 

The temperatures that can, 
be reached t in the working fluid* 
can be as high as 550 K for a 
simple, cylindrical collector . 
(Figure 11). However, -cylindrical 



collectors with mote>sdphisticated absorbers that utilize selectively-coated f 
evacuated glass tubes Ground the absorbing'pipe have produced temperatures 
as high as 850 K. In some research "designs of concentrating collectors', tern- 
perStures up to a few' thousand degrees Kelvin have been attained. % . 

Table 2 presents a summary of some designs that have been used for* de- 
flectors Jn concentrating collectors. Although' this lost is not complete, 
it gives an idea gf the variety of shapes that are possible* Figun^ 12 illus- 
trates a few of the designs mentioned in Table 2. 



Page J8/EP-03 



94 % 



/ 



TABLE 2. SELECTED DESIGNS FOR -CONCENTRATING COLLECTORS. 



Designs witn multiple 
flat reflectors 


rial b IQc OOUblc i b 

V-trough 

Array of sun-following flits 


Cyl ihdrical reflectors 


Circular cynnaer^ * * 
Parabolic cylinders 


Double-curvature 

1 CI 1 <C V* l»U 1 3 * 


Paraboloids ' -° t . / 
'Snheres * - 
Array focused on a receiver >^ 


Lenses 


Cylindrical ' % ■ ' - . ^ , 

Circular^ 

Fresne^^ c 


Others 


Fresnel ref hectors # ^ " © , , 
Truneated cones * K *" «. //y* 
Sun-following flats with fixed paranoid ' / ; 



V 







a. Multiple Paraboloids with 
Individual Absorber* t 

b. Paraboloid with Cavity 
Absorber 

c. Fresnel Lens " 

d. Single Paraboloid^ with 
Fixed Absorber 

.e. Cylindrical Freanei 
Reflector 




Figure T2\ Examples of Concentrating Collectors. 
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Ah important parameter for concentrating cql Vector^ is the concentration 
ratfo. 'The concentration ratio is defined as "the' ratio -of the ^ea of,thej 
reflector to the Vea of .the absorber." - F<?r cylindrical .collectors, concen- ^ 
tration ratios in the range fnSn'lO to* 50/are possible. For" large paraboloids:, 
4 ■ ' \ ' concentration, ratios up to a few tfiou- ~ 

^ sand Ure, possible. . £ " ■ 

-The -Qoncentralffon ratio defines *' 
' -the maximum temperature tha*t can be 
^ reached by the worfcfng'-fluid. ^Figure 
i3 stiojws 'the, temperature that ^an be 
produced* by. concentrating collectors. 
as*a function bf the concentration 
ratio. The figure .is relevant -to 4 th^ 
.insolation' of 1000 -watts per .squape 
-meter. >* The condentratfon^ratiWor^ , 
a flat-plate collector is^one, and 
the maximum temperaTthre /s' only 100% 
or so/ But ras v the eventration ratio 

rises, the fluid temperaturervrises jrapidly. * ; - 

Becaule of the higher temperatures, <%ycle eff iciencVfor a system j/ith 
a concentrating collector can' also Be higher. Cycle efficiency Van range • 
up to 75%; therefore, for a gi-ven required 'output, .a smal l er^total surface 
can be used if the collector is of the concentrating type. . . v ' » "■- 
'. , A' disadvantage o.f concentrating collectors is-that an 'image of-the';sun 
must' be" imaged accurately by the -reflector ojj the absorbeV: Thus, concen- 
.trating. collectors must track the - sun..' to do'-thk, they are supported on - :: 
•movable mounts^vith solar position sensors ;to track the sunfacross the skv. 
This, 'of "course, correctly ^implies- that systems with concentrating collectors 
are^more complicated" and.-postly than systems .with ffat-pJaw collectors, 
• s *" Concentrating collec«irs need a -.well -defined solar ima"ge * t » thereto 
on a cloudy or hazy day they will be almost pmpletjely' ineffective.. H 
•flat'aplate^col lectors wi^l deceive" 'the diffuse r^iation. from the cloudy, sky^, 
and will deliver some output: f ■ ' L ' . ' t .&£ 

'in order. to compare the properties of fla.t-plate 'cpBectgrs and concen- ■ 
. trating oollectors; Table 3 •sunroarizeVthe relative, advantages and diteadvan— 



' %' 10 / 50 100 1000 
^(WgNTTUTlON RATIO * N , 

Figure 13. Flui& Tenfcerature- 
Vs. Concentration Ratio for ' 
Concentrating Collectors^ for 
Insolation of 1000 *W/m ft . ' 

f or 



ver. 



tages of^pth types.) 
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TABLE 3. COMPARISON OF FLAT-PLATE COLLECTORS 
AND CONCENTRATING COLLECTORS. . 



Advantages 


Flat-Plate ■ ■ 


Concentrating 


Simple construction and^How cost 
No tracking, systems 
Uses diffused sky radiaftion, hence 
giving some output on cloudy days 


.Higher efficiency 
Higher water temperatures 
. Smaller sreas .needed \/' 

j 4— 


^ Disadvantages 


Flat-Plate 


Concentrating i 


Lower efficiencies ■ 
Lower water" temperatures 
Larger area needed v 


higher cost and more complicated 

cdnstryction 
Almost no output on cloudy days 



Because of their higher cost and complexity, concentrating collectors 
are not used for space and hot-water heating for homes. Their higher tempera- 
tures and efficiencies render them useful for applications such as the follow- 

• .Generation 1 of electricity (to be described later)" \* ■ 
^.• V Generati9h of industrial process heat and steam at'Kigh temperature 

^Cooking* ' % ^ 

• Hot water and hot air for large buildings, especially multistory 
buildjngs where smaller area? qtf collectors may be 'important 

• Drying in.industry and agriculture M y J 

Solar cooking is accomplished with £ metallized, parabolic concentrating 
-collector. . Cookirttf. vessels are placed irT.the focaT area of the paraboloid. 
' Solar cooking is used in North Africa,' Israel, and other sunny'areas, but- 
i-t has not been popular in the United States. ** o 



EFFECT OF ADJUSTING ORIENTATION OF COLLECTOR 
FOR MAXIMUM COLLECTION EFFICIENCY 

4 

* A sol-fci^col lector, either flat-plate or concentrating, operates best 
when it is aimed directly at the, sun. Concentrating collectors need ^the' well- 
defined focused image of thp sun on the absorber. Both types collect solar 
radiation more efficiently when they are pointed at the sun. Table 4 shows 
tire average total amount of solar radiation that arrives in June and in 
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December for both a fixed surface and a tracking surface* The tracking sur- 
face-is driven so that it always faces the sun directly. The fixed surface j 
is oriented so that, it .is south-facing and tilted at 45° from the horizontal. 
For *a fixed surface, the orientalion is close 4 to optimum for ^ch of , the United 
States. Values are shown for a number of selected cities. / 

In each case the tracking collector receives more total energy each day. 
This is true even though the fixed surface is- oriented near the optimum posi 7 , j 
tion. For example in Albuquerque, in December, a tracking surface receives 
about 20% more energy e^ch day than a fixed surface. 

The tracking surface* i§ more complicated and expensive than the fixed 
surface; but it requir&s a detailed system analysis to decide whether its . 
improved energy collection. justifies the cost. 

TABLE 4. TOTAL" DAILY SOLAR RADIATION ON FIXED SURFACES AND 
TRACKING SURFACES JN JUNE AND DECEMBER FOR SEVERAL CITIES. 

ilues are in fcWh/m 2 /d.) 



V 

City * " 


Fixeti Surface - Tilted 
at 45° from Horizontal 
and Facing South 


Tracking Surface^- * 
Always Facing Sun 




June 


December 


June 


December 


Albuquerque, NM 


6.7 


, 6.1 


10.8 


7.3 


-Boston, MA 


5.0 


3.3 


7.3 


3.8 


Brownsville, TX 


5.1 


3.9 


8.4 


4.5- 


Columbia, MO 


' 5.7 


3.9 


8.5 


4.5 


Madison, WI 


6.2 


4.0- 


■ 9.3 


4.8- 


Nashville, TN : 


•5.1 


' 3.4 


7.6 


3.9 


New York, NY 


4.7 


3.2 • 


6.5 


3-.6' 


< 

Phoenix, AZ < 


6.1 


5.6 


9.9 


6.6 ' 


Seattle, WA , 


. 5.9 


1.8 • 


9.0 


2-.1 


Washington, DC 


5.2 


3.8 


7.5 


4.5 



TOTAL SYSTEM CONFIGURATION 



The collector is an important component in a solar energy system, but 
the system requires many other components to make it complete. Pipes, valves,, 
heat exchangers, sensors, thermostats, pumps, fans, and storage devices are / 
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also needed. This section of the module discusses some -of these components 
an^ their uses in a total / system for solar energy. 



Stonjxqz VzvidU ] * 

Storage^devices are needed in solar energy systems because the sun does 
not .shine at night and because a series ,of cold, cloudy days may cut off the 
output of energy just when the need is -greatest. 

Heat-storaxje units may be incorporated in the system. The heat-storage • 
unit is usually- aHank of water, with a heat exchanger that extracts heat . 
from the water-after it is heated by the* solar collector. Water is used be- 
cau.se it is inexpensive, is easily stored and handled, and has a high h6at 
capacity. t Hot water from the solar collector enters the heat exchanger* and ' 
warms the water in the storage tank. Later, when the sun is not .shining, 
the thermal energy fron^the storage .tank ,may be used for heating. 

Other alttf?naijives for thermal storage include rocks that may be used 
in-addttion to waters Some systems using molten salts havfe also been developed; 
however, these aire more sophisticated and costly and are not well -suited for 
residential heati\ 



Figure 14 shows n6w 
and water heating for 
a home. The collector 
is placed on the roof, 
facing south and tilted 
so that it faces the 
sun as much of the 
time as possible. The 
water in the collector 
is heated to a high 
~ temperature and is 
pumped to the hot-water 
heater and the storage., 
tank. In both the ho%- 
. water 0 tank ; and - the 
storage tank, the col- 
lector exchanges 



solar collector could be used to provide both space 

id 



/ Mi 

VATER LINES- * ^ \X- ' 



SPACE HEATER 




V 



WATER HEATER 



HEAT EXCHANGERS 



STORAGE TANK 



Figure 14. Sample System for Solar 
Sp^e and Water Heating. 
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its energy to the water in these tanks. Then, 



vater for. use .in the home is 
1 



V drawn directly from the hot water tank. The hof^wat\r in the storage unit 
is circulated through -radiators - as it is needed - to provide space heating. 

' A conventional heating s system is usually installed parallel to the solar' 

system. This system is needed to provide heat when the sun is not shiniwr 
atai when there is not enough energy stored in the storage system. ,\ 
^ Solar air conditioning has previously been mentioned as a possible use ' 
of solar thermal energy. The system is similar to a refrigerator. A refrig- 
erant fluid is vaporized; then the heat of vaporization is extracted from 
the space to be cooled. The solar energy drives a compression cycle so the- / 
£luid is retompressed to liquid. The heat released in the recompression is 
released to the outdoors. 



Control CoYU>id<uiaXiont> . v 

The system must be under the control of temperature sensors and thermo- 
stats. Figure 15 shows the flow through a system of valves under the control 

of a thermostat 
set at temperature 
Lp with- temperature ; 
sensors to monitor ' 
collector tempera- 




CONVENTIONAL 


. FURNACE ** 


V T T 




V T T 




1 


f ' 



SPACE 
! TO BE 

'heated 



HEATING COIL 



ERJC 



ture Tq, storage 
, temperature T^, 
and room tempera- 
ture T D . 

When the roqm 
needs heat (T R < T S *T, 
the heat from the 
Gollector.-is delivered 
Figure 15. Control' Circuit. 1 * ; directly to the* room, 

room has. warmed to the desired temperature (T^ > Tj) , the flow from 
llectm* goe,s through- the storage tin it, 4 and 'thermal .energy is stored 4 
collector. 

When the collector temperature drops x (Jq < T^) - as -at- nighty- energy". * 
is extracted from the' storage unit^to heat the room.* If there is insyfficient 
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energy in the storage unit, (T c < T_.),, then the conventional furnace is switched 




on. 



Several considerations concerning the different tyqes of collectors are 
summarized jDelow. Although sbme characteristics and components have been 
discussed earlier, a summarization fs needed for explicit comparison. . 
^ Table 5 presents data on the properties of flat-place collectors, toncen- 
trating collectors of medium concentration, and, concentrating collectors of 
high concentration. The table also presents 'typical values for the tempera- 
ture of the fluid and the-efficiency. The actual temperature depends on the 
properties of the absorbing surface, the reflectance of the reflectors in ) 
a concentrating collector, and .the accuracy "of the solar tracking. Efficiency 
depends on heat loss in the system and on the final temperature of the working 



r 



fluid after it has performed its heating functiop. 



TABLE 5." TYPICAL PROPERTIES OF SOME COLLECTOR *TYPES. 



Collector 
Type 

/ 


Construction 


Concentration 
Ratio 


Typical 
Temperature 
(K) 


Typical 
Efficiency 


Flat-plate / 


Blackened 
surface 


1 


350-450, 


~30% 


Concentrating 
(medium) 


Parabolic 
cyl inder 


10-50 


500-B50 


% -50% * 


Concentrating 
(high) 


Paraboloid 


Up to severa/I 
thousand- 


1000-2000 


-70% 



• \H0T-AIR SYSTEMS 



V 



* Systems using hot air (or another hot gas) as the working fluid are«very 
similar to Hqtrwater systems; they t$nd to use the" same type of collectors,^ 
and system designs are conceptually similar. - ■ 

Passive svstems y * - 

I • A passive' solar energy system is a term that refers to architectural 
features that use the natural transfer of scflar>energy for heating. Irrthis 
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context* it could be nothing more ihin a sotith-facing window or windows. A 
-passive solV system generally means a deliberate architectural design that 
will maximize .the transfer of thermal energy. Thera caji be some storage sys- 
tem, but the transfer of energy into and'out of storage is by natural conduc- * 
tion or convection, rather than by, pumps and fans. 

A simple example of a passive 
solar design is the thermosyphoning 
roof (Figure 16). This design operates 

on the principle t'hat heated air^ 
i 

rises. Thermosyphoning circulates 
and utilizes some of that heat that 
collects in the air spaces of the 
walls and roof. 

Passive solar design can also 
include carefui. design of building 

. i__ " shape and' orientation, window placement, 

figure 16. Schematic Diagram , . , , * . , 

of a Thermsyphoning Roof. color > trees to provide^ maximum- 

penetration of solaf- heat through 
the°windows and the roof in the winter. The design will also provide for 
minimal heat gain during the summer. 




COLLECTORS , . 

Active systems are'systems in which air is pumped, heated in a collector, 
then pumped through the other system components. The types of collectors 
-used are the same asf those already described for hot-water systems. They 
include flat-plate* qol lectors arid cdncentratfng collectors. 

The advantages of hot air "as the working fluid are more obvious for con- 
centrating o cojlectors. The temperature of the gas cah be raised to very high 
temperatures, higher than would be* feasible £pr water-based systems. Thus, 
hot-air systems can be used : for concentrating collectors intended t;o operate 
at high-temperature. The working fluid may be air or some other gas, such 
*as helium. t 

The u$e of air in flat-plate collectors is less common them the use of 
water as the* working fluid, simply because of the difference in energy storage 
between the, two fluids, for a given volume of fluid and a given temperature • 
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rise, water will store approximately 1,000 times as much energy as air. Thus, 
flat-plate collectors, with their 1 imi ted maximum temperatures, -are limited 
in the capacity to store and transfer energy if air is used instead of water.- 

The, flat-plate collectors that do use air tend to be those at' the- low . 
end of the cost-and-performaqce range. Simple, inexpensive channels made 
from 'corrugated metals are used .instead of bonded tubes in the collector, 
and the fluid is transferred through metal ductwork rather than pipes. 

Figure 17 shows an example of-a' design for a flat-plate" collector to 
be used with air as the • 



working fluid. This 
Can be compared to Fig- 
ure 10, which shows a 

— typical design for a 
flat-plate collector to 
be used with .water. 

_ _ ^ ~ 
STORAGE 
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. GLASS 

'COWIuGATEO 
SHEET METAL 

Jtm CHANNEL 



INSOLATION 



Figure T7. Typical Design for Flat-Plate 
Collector, Using Air as the Working 'Fluid. 



Storage reservoirs 

are needed with hot-air solar systems, just as with water-filled systems," 
•§nd for the same reasons. The storage reservoirs for, hot-air systems are 
often heated rocks. Hot air passes^throutjh the interstices between the rocks 
and : warms them. Later, when heat is needed from the reservi'ors, cool /air 
.circulates through the warm rocks and is heated. * 

In contrast, hot-water systems usually use water tanks for storage. How- 
evjr, hot air cannot exchange its heat as well with water. On the .other hand, 
it is probable that water circulating through the small openings in a rock 
pile soon woold lead to clogging and circulation problems, whereas hot air 
can circulation through the* rocks. 



COMPARISON TO WAT£R -BASED SYSTEMS > ' 

* There are many applications where air is a better fluid for heat transfer 
, 1rf*a Solar col -lector. Advantages are as follows: ^ 

Air does not freeze * / ^ * ^ , 

Air-based systems are less subject to t corrosion and to blockage 
than are water-based systems • . *• . 
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• A4r /leaks are less serious than water leaks in a system 

• Air-based systemk can be used at higher operating temperatures tharv 
water systems. ' 

.However, the low-specific heat of a.ir (and of cither gases) is a' drawback. 
Not, as much energy can be stored in the ga's as in water; thus, the ducts that 
carry 'the heated air must be much larger than £he pipes that carry water. 

Nevertheless, both types are used in solar energy systems. Because uf — 



better heat storage of water, water-based systems are used most oft&n in rela- 
tively low temperature systems, such as for residential space and water heat- 
ing. Air-based systems, with their capabilities of operating at very high 4 



temperatures ^and, therefore, at high efficiencies - are used in concentrat- 
ing collectors with high concentration ratios. ^ 

• Table 6 summarizes some of these considerations in a comparison of air- 
based and water-based solar energy systems. 



TABLE 6. COMPARISON OF AIR-BASED AND WATER-BASED SYSTEMS. 



Air-based • 




Water-based 


Advantages A 


No freezing ' - 
Less corrosion 
Higher temperatures and 
efficiencies possible 




Larger heat capacity 
. Smaller piping needed 


w Atypical Applications 


Low cast flat-plate collectors 
Htglr temperature concentrating 
collectors 


c 


High capacity ^flat-plate 
collectors 
• Low, temperature concentrating 
collectors 



' • SOLAR FURNACES FOR STEAM GENERATION 

Concentrating collectors can be used to superheat water and produce steam, 
which .in turn can be used to drive turbines an<J produce electricity.' There 
are two principal, approaches to steam generation: the axial tower and the 
parabolic concentrator. 
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AXIAL TOWER 



With the axial tower approach to steam generation, many flat mirrors 
are placed Over £ Ikrge land area (field)'. Each flat mirror individually 
reflects sunlight onto a boiler, which is at the top of a tower located in 
the center of the field. The large area involved means that a* large amount 
of energy is delivered to the tower. Many megawatts can bg collected if the 
area is large enough. The high temperature steam that is produced in the 
boiler can drive a turbine and produce electricity. Thus, the axial tower 
could provide a pollution-free, ( central electrical-generatipg station that 
operates only on solar energy. Figure 18 shows a schematic diagram. 

The kufividual mirror 

elements, called heliostats, 

are driven "by electrical or 

hydraulic servomechanisms 

* * * 
that are controlled individ- 

uallj by salar-position&d 

"sensors*. Suitable sensors 
are available in the .form of 
four-element phototubes. 
When the image of the sun is 

'off-center in the phototube, 
one elemerit'Ts illuminated . / 

more thar\ the others.^ This generates an electrical signa^that is used to 
reposititm the solar image. When the solar image falls equally on the four'v 
elements' 1 ; there 'is'no net output signal, and the heliostat remains stationary. 

Heliostats can be square mirrors, with approximate dimensions between 
4 to 10 meters.^ Tfie mirror surfaces can be silvered glass or tj*in 9 metallic 

.films. Helios'tats are positioned over a field with a radius perhaps 2 to 3 
times greater t\an the height of the ttfwer, which jnay be a few hundred meters. 
This pasitioning\eliminates problems with shading on one heli'ostat by another- 

The solar tower' concept eliminates many fieat transfer problems because 
all the energy, is bVought to a central point in the form of light. The separate 
mirrors can be mass Produced and, thus, be relatively inexpensive. The smaller 
mirrors are less subject to damage by wind than \single,^large .collector 
of comparand size. \ 




STEERABL£\ MIRRORS 

. Figure IS. Tower Concept for 
Solar. Power Generation. 
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The surface Tof the heliostats must be kept clfean or Toss of efficiency 
will result. Accumulation of dust, sand, or other contaminants on the surface 
would create problems. * Two alternatives. for*soliving this problem include 



r\nc 



automatical^ turning, tjiejiel^stats upside down\nd using electrostatic ruethods 
to .drive off dust. - " \ 

Of course \ the^axial tower concept depends on a focused impige of the 
sun being .reflected tbsthe boiler, so the output of-the axial tower would . 
be very low on a cloudy oKhstzy day. 

One prototype of an electricaUgenerating stat-ion based on the axial 
tower concept is being construction a site near Barstow, California.. This 
is an area of high insolation and a rotation where there are many cl-ear days. 
The entire site covers'72 acres and contains 1760 heliostats. The boiler m 
is located on a tower 250 feet*aboy,e the ground. Cold water is pumped up 
the tower and 4 is -heated to produce steam at a temperature of more than 500°C. 
The steam, in turn, 'is used to generate electrical power. This plant is ex- " 
pected to produce 10 megawatts of power. . \ ' - 



PARABOLIC COLLECTORS * * ' < 

The parabolic collector (or paraboloid) has been discuSsed briefly in 
the section on concentration collectors (Figure 12.). The paraboloid is an 
important type of concentrating collector because of its -cfapabil ity for pro- 
djuc>ng very high temperatures. • . 

The parabolic concentrator is- the most efficient of the concentrating 
collectors. It produces the highest temperatures, and, therep^e^ is^sui table 
.for generating steam, among, other Applications. ^ " - 

A parabola is a mathematical curve that can be expressed in mathematical 
form by the following equation: 



. y - ax' 

-where: x and y The spatial coordinates, 
a = A constant. 



Equation 4 



The value of V determines the exact shape of the parabola. * Examples of 
several parabolas, with different values of "a," 'ire shown in Figure 19. Be- 
cause of the -dependence on the square of x,.the parabola is symmetric about 



V 
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its axis (that is, the value of y is -the same. for x equal to plu£or minus 
the same value) , ^- 

. .If a parabola is rdtated about its axis, .it generates a three-dimensional 

surface called -a para- 
boloid. The paraboloid 
is an extremely effi- 
cient collector of sun- 
light. The parabolofd 
reflector has the fol- 
lowing characteristic: < 
All ligfit rays that 
enter the paraboloid 
parallel to its axis ^rfe 
reflected. so they pass 
through, a common point, 
called the focus. Thus, 
an absorber located at 
the focus will receive , - * . 

all the solar energy 'incident on a paraboloid pointed at. the sun. _ Extremely 

9 high- temperatures can b6 produced at the focus % Figure' 20 shows this' focusing 
characteristic of a paraboloid. ^ 

-The paraboloid must be used in a* " 
tracking system so th^Jjnl ight is paral- 
lels the^axls of the paraboloid. -For 
small* systems, thr paraboloid itself can 
be mouqted on a movable platform that 
tracks the sun. For, larger systems, it ( 
bec'omes too difficult to move the para- . 

.boloid accurately. A large paraboloid 

• wi'll often be stationary, and will be 
used wijth an array of smaller. fla£ mir- 
rors, each of, which' tracks the sun and 
reflects the sunlight toward the para-, 
boloid along its axis. , 



Figure 19. Examples gf Parabolas. 




PAHABOUC SURFACE 



^Figure 20. Parabolic, 
-Collector. 
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Because of the nature of the parabolic surface, it is*more expensive than 
other types of concentrating, collectors. It is more- difficult to form an 
accurate paraboloidal surface than it is to form a flat or spherical surface. 
A paraboloid is difficult to machine or to polish as a single piece; there- 
fore, large paraboloids are constructed of many smaller mirror elements that 
are positioned to approximate the desired paraboloidal surface, 

Paraboloidal concentrating collectors have been designed with concentra-.* 
tion ratios iabove 10.000 and with operating temperatures of several thousand 
.degrees Celsius. Because of. the high operating temperature, the cycld effi- 
ciency can also be high.. Total thermal efficiencies up to approximate^ *7$% 
have been demonstrated. * 

One of the largest paraboloidal solar collectors, is located 'in the Pyrenees 
mountains in southern Frace at an altitude of 5900 feet. There is a large 
amount of solar radiation at this location. The parabbloid is 130 feet high 
and 175 feet wide. It is constructed of 9500 mirrors, each 17.7 inches square. 
The paraboloid is capable of producing temperatures above 3800°C at its focus, 
Radiation *ii delivered to the stationary paraboloid by 63 heliostats, each 
of which'measures approximately 25 x"20 feet in dimension and tracks the stm. 
The system is capable of delivering 1000 kilowatts of power. 

This precedintflte^cription shows that large paraboloidal s-olar collectors 
are complex, expensive systems tf)at are still primarily ir> a research stage. ■ 
Since^they are capable'of producing very high temperatures, metals*and high 
temperature ceramic materials have melted at the focus of a paraboloidal col- 
lector. . ,^ 

. In addition to research that is performed with larger parabolic concen- 
trators, some smaller parabolic systems have been used for industrial process- 
ing such a£ for melting high temperature materials (such as alumina and 
zircbn'ia) and for providing heat for drying in industrial and agricultural 
processes. 

Th'e role of paraboloidal concentrators for producing steafn is still being 
evaluated. It is uncertain whether using high temperature steam fromliuch 
collectors for electric power generation will be economical.- Furtfter develop- 
ment work to optimize the design of heliostats, concentrator, and boiler is > 
in progress. * , 
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INSTALLATION ANP MAINTENANCE OF SYSTEMS 

The next few paragraphs describe some of the practical factors relative^ 
to location, reduction of heat loss, and maintenance of solar energy systems. 





LOCATION • 

The maximum collection of solar energy occurs with tracking systems that 7, 
move\e collectorVduring the course of the day v 'SO it is always facing the 
sun directly. A tracking system is much more expensive than' a fjxed system,, 
and a fixed system can collect a considerable fraction of the ( a van Table energy. 
As Table 4 shows, a fixed collector that is facing south vhd tilted at 45° 
can receive 70-80% as' much radiation per area (for many cities in fche. United 
States) as a tracking collector. Thus, ah optimally placed, f-rxed Collector, 
with an area approximately 20-30% larger than a tracking collector can. collect 
as much energy as the trae^ng collector. Moreover.* the fixed collector 
would probably be less dxjJensive to install. \ * 

The optimum orientation of the fixed collector can be ^ecifled ! by its 
angle of tilt ■< measured from the horizontal ) and by the d^ection that it 
faces.. The following rtrfes summarize the optimum tilt an$)e: 
In the winter, the tilt angle should be equal in degrees 
to the latitude + 15°. .; ft 

• In the summer,, the tilt angle should be equ||- in degrees 
to the latitude - 15°. 

Because of 'the summer-winter difference, some solar collectors are designed 
so the tilt can be adjusted several times a year. However, this adjustment,- 
. makes relatively little difference. The use of a tr^t angle, which varies \ 
from the optimum by 10-15°, has only a slight effect on the amount of solar 
'energy that can be collected. 

'The optimum direction for the collector surface to be facing "is toward 
the south. However, the performance is not degraded as much if the surface^ 
faces in a direction within 15 degrees' east or west of direct snuth. , 

fcEPUCTlON OF HEAT LOSS 

Heat loss from any part of the^system will reduce the amount of^energy 
' available and will reduce- the efficiency of a solar energy' system. Already ■ < 

.. . ~ < • I 

109 - EP-0S/f%ge 33 



X 



)neAJLs t* 



mention^U£-J*4 fact that the .back side of the collector should be adequately 
insulated toVeduce heat loss from the collector. 

Two other, sources of heat loss arg/the storage-tanks and the pipes that 
carry the heated fluid. The storage tank's must.be adequately insulated since 
this insulation can make the difference between a system that performs poorly 
and one that performs well . Moreover, all hot-water and hot-air piping stmufcf 
be insulated, including the pipes leading to and from thejo^lectors^/^ 

Another source ^of. heat loss is reradiation of ^e^tl^cted^fiergy ^ The 
surface of the collector should have higjl absorption in the wavelength region 
' in which the .solar energy occyrs (approximately 1 ymj, and it should have 
low emission at the wavelength region in which reradiation of heat energy 
6ccurs (approximately 10 \m). The selecti ve, co dings described in the section 
entitled "Absorption by Various Materials" have the desired properties to. 
reduce heat Toss dife to reradiation; although they will increase the cost 
of' the. system. ~> 

The reflection of sjolar energy at the % surfaces of the glass cover plate 
can amount to 8% of. tn e incident energy. Anti-reflection coatings are avail- 
able for glass^ folates. However, although such coatings can reduce the reflec- 
tion loss^fhey also will add to the cost. 1 , 




CIWTEWANCE 



Th^ most sensitive part of the solar energy system is the surface of 
the absorber. This surface must absorb the incident energy efficiently and 
'must maintain this high absorption ^over a period of years. The surface is 
exposed to an environment of high solar-radiation flux and will tend to bleach 
and lose its absorption over a period. of time. 

-The absorptionsof the surface must be checked periodically.. When 'the 
surface absorptivity has degraded, the absorber will have to be recoated or - 



repainted. 



In systems with reflecting heliostats, such as the axial tower, the re- 
flectivity of the mirror surfaces must remain high. In the environment of 
intense sunlight, these reflectors can also become degraded. Repolishing 
or recoating of the reflecting surfaces may be necessary. ^ For example, in 
'the* large paraboloid in France, the mirror surfaces are recoated with aluminum 
once a year. 
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• Of course, any coating of dust or dirt on the collector will reduce its 
efficiency. For a homeowner, simply washing off the collectors outer surface 
with a hose will help keep them clean. However, the absorbing surfaces of 
some solar collectors require cleaning with a solvent „such as turpentine. 

Finally, solar energy systems often depend on fluids circulating through 
pipes. Over a period of time, corrosion can -partially block circulation 
and reduce thfe system's efficiency. Periodic checking to make sure the fluid 
is circulating freely is important. > 

FACTORS AFFECTING SYSTEM OPERATION' 

Effective operation of a solar-energy system is dependent upon several 
factors, including the architectural aspectsof the building, the size of 
the system installed, and the initial investment. > 

ARCHITECTURAL FACTORS 

the questions involving /fnstaTlation of a solar energy system can be 
very different, depending on whether the building' is new or old. On a building 
just being constructed, the entire building design can be adjusted to take 
advantage of the incident sunliont. Factors that can be changed include*£hoice 
of materials, placement of the/ouilding on the site, number and placement * 
of windows, ratio of surfaced area to floor space, and orientation of walls 
4nd roof surfaces. These /actors can be included in the desi.gn to take advan- 
- tage/6f the available solar energy. . 

On existing buildings, the feasibility of solar energy systems has to 
be evaluated on an individual basis since the building was designed without 
considering any of the- needs of a solar energy system. 

The tilt angle and orientation bf the collectors are important. (These 
factors were considered in the section entitled "Location. 11 ) To summarize 
. bri§f lyf The collector should be oriented approximately toward the south. 
Furthermore, it should be tilted from the horizontal at an angle approximately 
equal to" the latitude. For* solar space heating, an^angle equal to the latitude, 
plus 10°, is about optimum. For water heating alone, a tilt angle equal to 
the latitude is best. $ 



'"The .collectors should be placed where they will not be shaded by trees, 
otherNxuil dings, anrd so on. It must be remembered that in winter the sun 
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may be very low^on the horizon. This fact may lead to unexpected problems in 
shading of the collectors. 

Collectors can often be placed effectively on the flax' roofs of factories,, 
offices, and commercial buildings or on south-faci'ng'^s^Hng roofs of homes. 

The question of "sun rights" may become important. If someone installs - 
a solar collector, and then the owner of the adjacent property builds a tall 
structure,. that shades the collector, the value of the collectQr will be reduced 
considerably. Laws ar^e being passed in some states to govern the rights of 
access to sunlight; however, the development of such laws is still^in a very 
early stage, t 



SYSTEM SUE 



Before a soTar energy system is installed, it is important to estimate 

i 

the size of the system th^t is required. Many factors affect the required 
size, including the following: 

• The climate at the particular location m9 

• The design and amount of insulation in the building 

• The amount of solar energy available /, 

• The efficiency of the chosen solar energy system/ y' 
•"The percentage of the heat load that must be provided 

The amount of solar energy required will vary from place to plaGe accord- 
ing to^the climate. A building in San Diego will need-less heating -than the- 
same building in Boston. « 

The climatic effects can be estimated with reference to the number of * 

degree-damson a heating season at the particular location. The number of , - 
zz* • 

degree-days is defined as "the difference between the average temperature 
during the day (midnight to midnight) and 65°F." Thus, if the average tempera- 
ture for the day is 40°F, there will be 25 degree-days. In a heating season 
in Minneapolis, there will be a total of more than 8000 degree-days. 

The number of degree-days for a given location may be obtained from weather 
records. In some places, it i.s^ published irvthe daily "newspaper. 

In a given cl imat^^he^heat load of different buildings yaries according 
to size, design, <ype of construction, ?nd qmpunt of insulation. Perhaps 
the^best method for estimating ;fehe requirements of a particular building is 
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v to refer to the utility records'. For instance, the following question can 
be answered: How many kilowatt-hours (or Btus) of g energy were used in previous 
heafcfng seasons? It should also be determined that the heating season is 
typical'^nbt unusually mild, for example. Again, reference to the weather 

retords is required. 

- v 

.Next, what* fraction of the heat load is to be supplied by solar energy? - 
In most cases, it is not practical to supply 100% because the size, and cost 
-•of -the collecting system and storage systems become unreasonable. A more 
practical range is perhaps 50-70%. 

Analysis of the preceding factors should -give the total solar. energy 
that must be supplied. Next, one must determine how much solar energy is . 
available, at the particular location. This was presented earlier in the module 
in the di scussion "concerning insolation at various places in the United States*? 

Of course, not all the energy can be used. The system efficiency must 
be considered. The following example shows how all the factors discussed 
can be combined to yield an estimate of the total collector area needed. 



• EXAMPLE C: DETERMINATION uF COLLECTOR AREA 



Giverf?^ Determine from old utility bills that a home use's 24,000,000 Btus . 
o$,h'eat*energy in January.' Suppose that 50% of this energy is 
supplied with a ^solar collector in a location whereJtbje-sun- del i vers 
• i 30,000 Btus/ft' 2 of solar energy in January. A system will be used 
with a total system efficiency of 25%. 
/Find: . How large the collector should be. . \. 

Solution: Needed is a total of 24,000*000 x 0.5 ■= 12,'000 Btus. .Each square 
' foot of eollector area will yield 30,000 x 0.25 = 7,500 Btus. 
Thus, the collector area should be 12,000,000/7,500 = 16 00 ft 2 .. 

< : — 

As rough rules of thumb that are applicable for a .reasonable range of 

climatic, conditions, the following estimates are presented: 

For a well-insulated home, the collector area needed to supply . 
' approximately 70% of the' hea^ng requirements will be approxi- 
mately 17-25% of the floor space in the home. 

For the storage system,. there should be approximately 1.5-2.5 gallons 
of water for each square foot of collector area in a water-based system. 
In an air-based system, there should be approximately 40-70 pounds of 
rock 'per square foot of collector ar*t. . 
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ECONOMIC FACTORS 

- > 
The economics of solar energy systems are stjrongly affected by two factors 

• Initial costs tend to be high, and*it t^kes a rather long time to #/ 
recover the initial investment. 

• In almost all cases, the solar system must b<> backed up by a 
conventional heating system. "j. ' 

r 

The costs of materials and installation for a solkr energy- system repre- 
sent an initial- investment that is recovered gradually through reduced costs 
for conventional fuels. Although sunlight is essentially free, ancpoperating 
costs for a- solar system are relatively low, the initial costs may make the 
system of jloubtfuT economic value. The time that it takes to "recover -the 
initial investment (the payback period) may be unacteptably long - perhaps 
Iqnger than the expected life of the»system: Ever) for relatively inexpensive 
systems installed ^y* a, do^ij^y our self homeowner, payback periods may be 10 
years or more at 1979 fuel prices. * * " 1 

Because the sun does not shirie all the time, a conventional back-up heat- 
i n '9 sy§tim is required. The alternative woujd £e an 'Unreasonably larcje and 
expensive storage system. Althbtigh it .is practical to p/ovide storage large 
'enough tp cover a period of two consecutive cloudy days,'beyontl thj^s^storage 
'Size and heat loss 'from the storage tank would. probably be Excessive. In* 
jnost areas of the United States,, it is not unusual, tp have cloudy 'periods 
lasting much longe> than two days'. x _ ; " 

Because a conventional heating system is, still needed, t)re entire cost 
of the solar system must be regarded as" an extra cost and not as being partial,!} 
offset' by replacing other equipment. % 

JLsolar space and hot-water heating system for a typical home in a* typical. 
cVimate can cost somewhere in the range of, $4,000 to $8,000l Thts range is 
based on use of commercial components and commerical installation, the costs * 
coufld be reduced considerably by* use of designs^that can be constructed and 
installed by the homeowner. Some designs for flat-plate collectors are avail- 
able at costs of less, than $1 per square f oot k for materials only, with all 
construction done by the do-it-yourself homeowneri This cost compares well - 
to the cost of commercially installed flat-plate collectors - which is in . f 
the range of $15-$20 per* square foot, as of 1979. However, the inexpensive, 
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do-it-yourself designs will probably be less efficient and require more square 
footage. The materials cost for a dd-it-yourself solar energy project is 
still likely to be hi the $2,000 range. . 

It takes a long time to recover this amount of investment on fu,el savings 
at 1979 fuel "prices, 'especially when the conventional furnace and h'o.t water 
heat must still be used part of the t'ime. . r\ 

As of 1979, the best economic case can be made for' solar water heating 
since hot water is needed all year and spacq heating is only needed a few months 
out of the year. 

The cost analysis for ^ solar energy system becomes complicated because 
it includes the cost of money (the interest rate on the money needed for in- 
stallation), tax considerations, 4 and estimates on possible future costs of 
conventional fuels. The best estimate - as of 1979 - appears to be that solar 
space heating can "be compared economically to electric heating. However, 
it is not economical when compared to natural gas or fuel oil. One advantage 
is that the federal government and some state governments offer tax credits 
for installation of solar systems', so the initial investment can be partially 
'offset by tax rebates. Tliese tax considerations, can change the economic con- 
siderations considerably. 

Furthermore, the cost of conventional fuels almost certainly will escalate 
rapidly in the future r . If solar systems aire* still of marginal economic attrac- 
tiveness in'the next year or two, the increased- prices of other fuels will 
'make solar systems increasingly more^ attractive in the future. 
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ENERQY- TECHNOLOGY 

CONSERVATION .AND USE 



ENERGY PRODUCTION SYSTEMS 




•MODULTEP-Of 



Generation ,of steam anq hot water, rising nuclear 



CENTER FOB OCCUPATIONAL RESEARCH AND DEVELOPMENT 




INTRODUCTION 



This .module discusses the generatidn of steam and hot water, using thermal 
energy from nuclear reactocs. t-he 'various , types of nucle-ar reactors are de- 
scribed, as well as experimental/energy sources, which include nuclear fusion 
devices, geothermal energy supplies,^ and ocean thermal supplies. Included 
in the/cftscussion of the principles jof- operation. of these energy sources are 
the followlt^^ihe v types of. equipment employed; the variations in system 
design! the relative advantages, and the prececal uses, 4 



7. * 



PREREQUISITES 



The student should have completed Fundamentals of Energy Technology and 
Module CH-11, "Nuclear Chemistry," of the course Chemistry for Energy Tech- '/ 
nology /II . . • \ 



OBJECTIVES 



. ' Upon completion of this, moduli, the-student should be able to:^ 

1. Define the <ollowing terms*: , * < 

a. Fuel rod • , « 

b. Fuel assembly . - , - / ' f * 

c. Reactor core . * * " . * • 

d. Reactor vessel — - , 

e. Moderator / ^ / l ^ " ^ ^ ^ Q 

f. Control rod 

2. - Describe the heat generation and collection systems that were discussed^ 

3. Describe the basic principles of -operation for each system. ' 

4. Describe the status of practical usage for each system. \ 

5. Discuss the relative advantages, disadvantages, and applications -of- 
each system. . 

6. Describe the 'different types of nuclear reactors that were described, 
including the types of material's used in their -construction, the advan- 
tages, the disadvantages, and-the degree .of usage of each type/ ■ 
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SUBJECT MATTER 



^ WUCLEAJ? REJ&TQRS (FISSX0N) 

Nuclear reactors based on nucleaA fission form an important energy source^ 1 .. 
The principles of nuclear f ission^described in Module, CH-11, "Nuclear .Chemistry/ 
of the course Chemistry for' Energy Technology II should be reviewed by she 
student, since this module emphasizes how those principles are employed 
-generate steam iy a nuclear reactor. The design features of nuclear reactors 
are discussed, and the .various types of nuclear reactors are described. 
* - Nuclear reactors are large structures that are suitable for the generation 
of steam for a large, central electrical generating station or for the propulsion 
*of large ships. Thus, nuclear .reactors are used almost exclusively for the 
generation of steam 1 - which *is in contrast to sopie of the other fuels described 
e&rlier.'. FueJ oil, for example, is widely used for space heating - in addition 
to .steam generation^- , * - * 

"Although public debate continues concerning the question .of whether or not 
the use of nuclear power 1 is wise, this module does not discuss the social impli- 
cations of the use of.nuclear v power. Instead, the discussion involves the design, 
and applications of available naclear reactor technology. It also includes a 
description of the various types of reactors., with the main emphasis on the so- 
called "light water reactor^' the type most widely used in the United States. 

In the terminology of nuclear reactors, "light water" refers to ordinary 
water (H 2 0), where the hydrog^p is- the isotope l H, with an atomic weight of one. 
"Heavy water," in contrast, means water in which. the hydrogen i$ the isotope 
2 H, with an atomic weight of two\ The isotope 2 H, called deuterium, is* sometimes 
represented by the symbol D; therefore, heavy water is D 2 0. Deuterium is not 
really a separate chemical Element, but simply a heavy isotope of hydrogen. 

In order for nuclear fission to proceed in a^chain re&ction, it ijs necessary 
that more nautrons be'produqed in the fission process- than are absorbed by the 
nucleus in other nuclear reactions. Only three- isotopes,, satisfy this^condition: 
2 35 U, 2 3 3 U, and 239 Pu. iDf these % "three ' isotopes , only 2 3 5 U occurs in nature. It 
comprises about 0.7% of the. uranium in natural uranium, with the rest being the 



nonfi^sionable isotope 2 38 U. w The other two isotopes do, not occur naturalfy% but 
-they can be produced- by the following two reactions: > . 
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2 3 2-^ + n 2 3 3 u + e • : Reaction 1 

2 3 8(j + n< v 2 39 Pu + e # - Reaction 2 



Reaction 2 occurs 'in' the 38 U component of the urarf^unr in a reactor. Thus, ^ 
fissionable plutonium can be exxhacted from f trel rods that have been used in a 
reactor and could t>6 used^s a nuclear fuel. In practice, however, the use of 
. ?39 Pu as a nuclear^ fuel is still in the early stages' of development. The 
nuclear fuel presently in; use in electrical 'generating plants in the UnitecK 
States is the isotope 235 U. . % 

Nuclear reactors are considered to be either "thermal" reactors or "fast" 
reactors. In the nuclear fission reaction, neutrons are emitted with relatively 
high energy - approximately 2 million elegtrpn volts (2 MeV). One electron volt 
,(eV) is the kinetic energy gained by an electron when it is accelerated through 
an applied voltage of one volt. Numerically, 1 eV is equal to 1.6 x ICf 12 ergs. 
The.energies of the atomic particles involved in nuclear reactions are commonly 
expressed jn electron volts. ( 

The 2 MeV neutrons produced in nuclear fission are considered to be "fast" 
neutrons. If they are allowed to react at- this energy, the reactor is called 
a fast reactor. In mbst reactors, the neutrons are allowed to slow down by 
collisions with atoms of some material called a moderator. When the neutrorfs 
have slowed down to a low energy - around 0.025 eV - they have a much greater 
probability of interacting with a-fissionable nucleus (such as 235 U) to produce 
a fission reaction. * Neutrons .with energy around 0.025 eV are called thermal 
neutr.ons. A* nuclear reactor that employs a moderator to slow neutrons down to 
thermal energies is called ^thermal reactor. Most operating reacfors. fSHSy 
use a moderator and, therefore, are in the thermal category* 

T£e moderating materials "should be materials of law atomic weight. Neutrons 

slow down moreNauickly when they collide wittTatoms with low atomic weight. Thus, 

moderators are materials that contain light elements, such as hydrogen, carbon, or 

beryllium. Water is "a convenient hydrogen-containing material, and an additional 

advantage is that it can be used as a coolant. The energy from slowing ^own the * 

neutrons is\ transferred directly to heat- in the water. The heated water can 

then^be circulated and used to generate steam." The water can be ordinary light 

water, or it can be* heavy water Tbut reactors using li^ht water have been em- 

^< v * 

phasized^in the^ United States, 
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The following paragraphs contain information concerning several different 
types of Reactors , with most' of the emphasis'on light water reactors. Other 
reactors included in the discussion are water reactors, gas cooled-reactors , 
and breeder reactors-.' The breeder reactor is an example of a fast reactor, • 
whereas the-other three types are^ thermal reactors. 




LIGHT WATER REACTORS 

Most of the nuclear reactors currently in use for steam generation in the 
United States are Tight water reactors. They use ordinary water both' as the. 
moderator' to slow down neutrons and as the coolant for the reactor. This water 
4s heated and then used to generate steam. 

. The reasons for using light water- involve three advantages: ^convenience, 
economy, and availability. Heavy water, in contrastT~rs^cpensive. Water, both 
heavy and light, has good thermal .characteristics for cooMng purposes. 

The uranium used in \ight water reactors must be enriched so that the 235 U 
component is increased above' its naturally occurring concentration of 0.7%. The 
uranium must be enriched so that it contains 2-3% of 2 3 5 U. 

The enrichment is accomplished by gaseous diffusion of a uranium compound, 
uranium hexafluoride, which has the chemical formula UF 6 .- Molecules of 235 UF 6 t 
are slightly lighter than those of 2 3 8 UF 6 andcdiffuse slightly .faster. *This fact 
allows partial separation of 235 U from 238 U. The process .consumes a large amount 
of energy; therefore, it requires the use of very large and expensive separation 
facilities- •* - v 



'lexp^nsive and convenient 
loss of energy for 



in summary, .light water reactors allow use of an i 
moderator and coolant, but it requires extra expense and 
prqcessing the fuel . 

"The heart of the reactor, where the nuclear fuel is present and the nuclear 
reactions occur, is. called the core. The fuel is in the form of pellets, or 
uranium dioxide (U0 2 ), which is a ceramic-like material. The uranium has been 

■' enriched to contain about 2-3% of 235 U. The pellets are contained in long," thin 
rods called fuel rods'. .A schematic diagram showing the typical structure for .a 
fuel rod is presented in Figure 1 : « The dimensions illustrated in the figure are 

, typical, but they vary among different reactors. The' pellets .are contained in 
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Figure 1 . Schematic 
Diagram of a Typical 
Fuel Rod Structure. 



TOP END 
FITTING 




SPACER GFUO 



, TUBE FOR 
INSTRUMENTATION 

> 4 

FUEL R003 



TUBE FOR 
CONTROL ROO 



Figure 2. ■ Schematic Oiagram of 
Fuel Assembly Composed of 
J 5 x 15 Array qf Fuel Rods. 
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a thin-walled metal tube made of the 
alloy "zircaldy." This is an alloy 
~t hat-eon tains 1 zirconium metal . It is ^ 
"chosen because it is relative >y resis- 
tant to corrosion in the environment of " ( 
the reactor 'and has. very low interaction 
wjth the neutrons. 

* A number of fuel rods are grouped 
together into what is called a, fuel 
" assembly. Figure 2 shows a fuel assem- , 
bly consisting of a square array of . 
15 x 15 rods. This is a typical type of. 
assembly with typical dimensions;, but 
the number and the dimensions may vary 
/for different reactors. ' The fuel rods, 
with diameters of 0,382 inches Jare held 
about 0.124 inches apart by spiers.. 
This allows the flow of water" between - 
the rods. Thus, the total width or the 
* \l€-rod-wide assembly is__ 
about 7.5 inches. \ 

The total array of fc 
15 x 15 spaces would have- 
room for 225 fuel 'rods. 
\ However, only 208 spaces 
V are filled with fuel rods-. 
The central space has a 
tube into which ^instru- 
mentation can be inserted 
to measure conditions 
inside the core. .The . 
other>16 spaces .have tubes 
into which^control rods 
can be inserted. 



CROSS 
SECTION 
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The contro^rods are made a£-fflaterials tKjat^trongly absorb neutrons, 
.such as boron. The 16 control rcids that would fit into this fuel assembly are 
all top-mounted together as an assembly. Therefore, the control rods move 
up and down together. When they are moved into their down position, they pro- 
vide enough absorption ,to shut down the chain reaction. When they are raised, 
the nuclear reaction is allowed to - proceed. The RQ^er output of the reactor is 
controlled by moving the control rods up and down- Control rods also provide a 
quick way of shutting down the reattor. The prompt shutdown of the reactor ^ 
with the control rods-is called a scram. 

A number of ftiel assemblies are packed together to form the core of the t 
reactor. The core is contained inside a reactor vessel, usually conical in * 
shape with rounded ends. A schematic diagram of the reactor vessel with the^ 
core is shown in Figure 3. One fuel assembly and one control rod are shown. 
The viall of the reactor vessel is steel, 
with a stainless steel lining to resist 
corrosion. The thermal shield absorbs 
radiation in order to reduce the amount 
of K^tdiation .neaching the reactor vessel 
walTT The mcjin function of the reactor 
vessel is. ta -contain the coolant. 

m A cross section of a reactor 

vessel and the core is shown in Fig- 
ure 4. This particular core is made 
up of 177 square fuel assemblies. The 
diameter of tne structure is approxi- 
mate lylO feet. 

In the reactor vessel, the 
cooling water flows upward through 
the core. It flows through the spaces 

between the fuel rods and^cts'ajf the moderator to slow down neutrons. It also 
cools the, assembly. Absorption of heat by. the water generates steam. There . 
are two major approaches to the generation of steam in light water reactors: 

the boiling water reactor and the pressurized water reactor. Both will be 

i * 
described in the n§xt two subjections of the module. 
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Figure 3. 
Schematic Diagram of 
Reactor Vessel . 
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Figure 4. Schematic Diagram of 
Cross Section of Reactor Vessel 
and Core Comprised of 177 Fuel Assemblies, 



In a boiling water reactor, the water heated by removal of heat energy 
from the core is allowed to boil inside the reactor vessel. The steam is piped 
to the turbines, which are used to driTTthe electric generators. After passing 
through the turbines, the steam is condensed, and the water is pumped back to 
the reactor vessel. 

A schematic diagram of a booking water reactor system is shown in Figure 
5! The water flows through the core and is heated to about 550°F. The water 
flqws through the piping to drive th* turbines. ^ (The piping shown iri Figure 5- 
is oversimplified; tfoere are many pumps, ^valves, and so forth, in the circula- 
tion system.) The steam carries radioactivity because it has passed through 
the reactor core- 

The water in the condenser is cooled by .heat exchange with water from 
the cool ing* towers that are located outside the* reactor building. These 
]aVge cooling towers, which have become familiar as a symbol of nuclear power, 



allow dissipation of waste heat from the reactor*. Most reactors are located* 
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Figure 5. Diagram of a 
Boiling Water Reactor System. 
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near a Targe body of water - 
a lake or river - to provide 
a good supply of Coolant* 
The cooling towers are used • 
to avoid thermal pollution 
of the bod^^f water. 

P/ieAtuAizzd WatQA Reactor 

In pressurized water 
reactors, the core cooTant* 
t water is kept under pressure 
so that it does not boil. 
The hot water is piped into - 
a steam generator where it 
exchanges heat with water 
in the generator and 
causes, that water to 
boil. The steam is used 
to drive turbines and to 
generate electricity. 
This past of the system 
is similar to the boiling, 
water system. A diagram 
Of a pressurized water . 
reactor system is shown 

. Figure -6. Diagram of a 

in Figure 6. Pressurized Water Reactor System. 

The steam generator ^ 
itself is"a large^essel that is several stories tall. The pressurized water 
flows through a ma^e of metal tubes, typically having diameters of around * 
seven-eights of an inch. These metal tubes, heated ly the pressurized water 
inside, boil the water from the steam part of the system. There are two separate 








m 










I — * — ' 











water supplies in the steam generator: the core coolant and the water that is 
boiled to make steam. These two water supplies do not mix. . * 

Both boiling water reactors. and pressurized water reactors are used in 
the United States, and neither type appears to have a clear advantage over the 
other. . 
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Boiling water reactors- require less equipment and less plumbing. They* 
do not have a steam generator, for example . There are fewer components to main- 
tain and fewer things to go wrong.' They also are somewhat more stable and easier 
to • control. p * 

Pressurized ^water reactors produce somewhat more thermal energy per unit 
of fuel, and the separation of the core cooling water from the steam in the 
steam generator means that radioactive steam does not reach the turbines - 
whfch makes maintenance of the turbines easier. 

Status OjJ Light WateA RtacXou 

c 

Asja£4£79, 'there are 68 nuclear reactors in operation in the United States 
that generate electrical power. These reactors are capable of generating more 
than 5 x 10 10 watt's of electrical power. Of these 68 reactors, all but two are 
light water reactors. Clearly, light water reactors are dominant in the United , 
States. Slightly more than one-third of these light water reactors are boiling 
water reactors; almost two-thirds' are pressurized water reactors. "Three addi- 
tional reactors are -tn the process of start-up. 

For the future, 121 reactors are under construction or on order. The 
construction cycle for a nuclear reactpr can be quite lengthy. Some of the . 
reactors that have" been ordered are not expected to 6e in operation before 1994. 
It is probable*, too, that some of these planne'd reactors will be canceled. 

These planned reactors are almost all light water reactors, with only a 
few 'exceptions. More than 70% of the total number are pressurized watery reactors. 

The output oY nuclear reactors can be rated in terms of the electrical 
outft^or the thermal energy output'. The electrical output (in megawatts) is 
denotes as "MW(e)/ 1 The thermal output (in megawwats). is denoted as M MW(th)." 
The thermal efficiency. Is defined as "MW(e)/MW(th)." For both pressurized light 
water reactors and boiling light water reactors, the thermal efficiency is typ- 
N ically around 33%.' This is a relatively low value, lower than that available * 

a 

from fossil -fuel electrical generating plants. It is low because the temper- 
ature b"fThV steam" produced Is loweiTtli^tlm plants^— Steams 
temperature in a light water reactor is only about 550°F, as compared to' temper- 
atures up to 1050°F in fossil-fuel plants. 

Because of the relatively low thermal efficiency, large amounts of waste 

heat are produced by reactors. This heat must, be dissipated without heating up. 
i ? 
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lakes or rivers. Heat is detrimental to fish and plant life (thermal pollution). 
Hence, large cooling towers are a familiar accessory to nuclear plants. 

The cost of electrical power generation is dependent on many factors, 
such as price and availability of fuel at*5 particular location, age and effi- 
ciency of the generating pi antTVnToWWr" Tiros, only general comparisons- can- 
be made between the cost of electrical power from nuclear facilities and that 
from fossil-fuel plants. It apprears that in the late 1970s the rising costs 
of fossil-fuels has made electrical power generation from nuclear sources more 
economical. One 1977 estimate, relevant to newly constructed facilities, indi- 
cated that the cost of electricity fVom a nuclear plant would\)e 0.86«£/kWh. 
The cost from a coal-fired plant would be 0.944/kWh. Construction of the nuclear 
plant would be more expensive, but the impact of fuel prices would make nuclear 
power less expensive. 

As" of 1979, civilian reprocessing'of spent fuel elements is not being 
carried out in the United States. The fuel assemblies removed from reactors 
•are being stored in pools of water by the utility companies that operate the 
reactors. Storage of these fuelassembl ies is becoming a significant problem. 

At present, the UniteVstates lacks a policy concerning the storage of 
the spent fuel and its reprocessing. The fuel assembl ies, are simply being stored, 
awaiting decisions by the ."Covernment about their disposal.. 

The. UucIqaa. hxzl Cycle. ■ 

Uranium is obtained by mining ores that contain Uranium. The ores are 
chemically treated to remove the uranium. The uranium is converted to UF 6 , 
which is used in the gaseous diffusion process to yield a material enriched in. 
235 U. The enriched material is then converted to uranium dioxide (U0 2 ), which 
is used in the fuel rods. The fuel rods are incorporated in fuel assemblies 
and used in an operation reactor. ^ , 

After a fuel assembly has been used in an operation- reactor for about < 
three years, it is replaced with a fresh fuel assembly. In an average reactor, 
^approximately one-fourth to one-third of the fuel assemblies are replaced each 
year. Replacement is needed because either the_ fissionable 23S U has been de-. 
pleted or physical-and chemical' changes have occurred in the fuel rods. 

The replaced fuel rods contain unused 235 U. They also contain 239 Pu, 
a fissionable isotope that could also be used as a reactpr fuel., The 239 Pu is 
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produced by the following reaction: 

^- 2 38 U + n ► 2 39 Pu + n Reaction 3 

Recovery o£ these isotopes can provide additional fuel. The 2 3 5 tJ can be 
reprocessed into fresh fuel. rods. The 239 Pu could also be used as a reactor 
fuel, although it has not been used in the United States. v * / 
The recovery of the fissionable isotopes can be performed by cutting up 
the spent fufel elements, dissolving the fuel in a dilute solution of nitric 
acid, and chemically separating the uranium. One suitable chemical process is 
the so-called Purex/process. In the Purex process, a mixture of organic chem- 
icals (kerosine and tributyl phosphate) is used to collect the uranium. It is 
estimated that o$e new fuel assembly can be produced by the reprocessing of 
three ^pent assemblies — which could increase the available supply of uranium 
considerably. 

< 

Safety issues involving nuclear reactors are complicated, arfd there are 
no general agreements about them. Although it is not within the scope of this" 
module to consider all facets of this complex subject, a few of the more signi- 
ficant ones will be discussed. 

■ First, a light water 'nuclear reactor cannot explode like a nuclear. bomb. 
Nuclear bombs require highly enriched uranium with high content of 235 U. The 
maximum 235 U content in fuel for light water reactors is around 3%. There is 
no possibility 6f a nuclear explosion in a light water reactor. 

However, there are a number of other concerns about the safety of nuclear 
reactors, including the following: 

Possibility of a large accident involving release of 
radioactivity into the environment 
Release of small amtfunts of radioactivity into the 
'. environment • 

Storage of the radioactive wastes from reactor 
■*-t>peration for thousands of years 
'Possible diversion of nuclear fuel by saboteurs 
or terrjorisj^ 
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I 1 

Disposal of nuclear power plants .at the entLoiL^heir 

useful life (assumed to be abo.ut 30 years) r-j , 

In the event of a large-scale loss 'of coolant to the rpactor core, the 
core could overheat and me.lt, The very hot molten mass could melt through the 
containment vessel and begin to melt through the crust of the earth. This would 
involve the release of 'large amounts of radioactivity and could result in the 
death of hundreds or thousands of people. The radioactivity could contaminate 
arge. areas, possibly including large cities or major fractions of a state so 
that the areas could not be used for many years. This event (or the possibility 
of this event occurring) is called the China syndrome. It is so named because 
the molten, reactor core would begin melting throggh the earth, traveling in the 
general direction of China. 

In order to reduce the possibility of such an event, emergency core 
cooling systems' have been added to reactors. These systems allow the core to be 
flooded^with large amounts of water in the event of a loss of coolant. However, 
ho one is completely sure that the emergency core cooling system will prevent • 
the type of accident that could be caused by a loss of coolant and result in 
the, large release of radioactivity. 

A risk analysis study of reactors was commissioned 'by the Atomic Energy 
Commission (which has, been superseded by the Department of Energy). The result 
of this study was a repor# referred to as WASH-1400. This report forms the 
basis for much of the discussion on nuclear safety. 

The WASH-1400 report calculated the probability of various events that 
could lead to loss of human life. (The nuclear .reactor calculations were based 
on the fact that 100 nuclear reactors would be tn operation in th|/1980s.) 
The report concluded that the probability of deaths resulting from a large nuclear 
reactor accident- is much smaller^- in fact, orders of magnitude -smal ler - than 
the probability of the same number of deaths caused by many other tyaes of events, 
such as air clashes, dam failures., hurricanes, and earthqlakes. Advocates of 
nuclear power hailed the report as* an indication that nuclear power is relatively 
safe compared to other types of risks. 

Critics of'nuclear power claimed that the statistical methods",used to 
obtain the results^of the WASH-1400 report were flawed. I* is difficult to 
N assess the *risk of afTevent that is rather improbable but which could cause great 
numbers of deaths and great damage^ if it did occur. 
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Even without a major nuclear accident, the low-levej release of radio- » • 
active materials into the environment could lead to cancer in pWple exposed 
to the radioactivity. However, other methods of producing, electrical power 
a^e responsible for the release of radioactive substances into the atmosphere - 
particularly the burning of coal. Therefore, the relative social risks of 
nuclear power and coal generated power are hotly debated. 

Storage of the radioactive wasted that build up ^during reactor operation 
is a continuing problem? The spent fuel assemblies are currently being stored 
in water pools. *The United States government has not developed a policy cojw 
cerning disposal of such waste. Critics of nuclear power ^pojjjJLajit that such 
wastes must be stoy£3 for thousands of years - a longer time than sodial systems 
endure, and a longer time than people in this generation can guarantee safe * 
storage. • Advocates of nuclear power point out that there are underground salt 
reservoirs into which radioactive wastes can bv. deposited. These salt reservoirs 
Are encased in rock, are impervious to water, and have been stable for millions 
of years. , ' 

As ftuclear power becomes more widely used, there will be more installations 
where nuclear fuel or nuclear waste is stored and fabricated, and there will be 
many mare shipments of material made between such locations, making it virtually 
impossible to prevent a determined ^band of terrorists from taking over a plant 
or from stealing a shipment of fuel. The problem would be particularly acute 
for breeder reactors Sto be discussed later), for which the stoleri fuel could 
possibly be % fashioned into nuclear bombs. * / 

Nuclear reactors are expected to have a maximum operating lifetime of 
approximately 30 years. After that time, the reactor would be taken out of 
service, ljut the. site would still contain much radioactivity. This radioactiv- 
ity must either be disposed of or sealed off safely from human access and 
envtronmental contamination. The dismantling of a reagtor in Elk River, Minne- 
IsSta, is* often" pointed out as~a significant test «ase. The reactor was complete*- 
ly disassembled and the pieces removed. The, land is now being used for other 
purposes. 

In summary, there are many complex issues involving safety of nuclear • 
reactors. Public doubts and fears have been sharpened because of the accident 
at Three Mile Island, Pennsylvania, early <in 1979. Although no one was killed, 
the accident did show that accidents could occur in ways that had not been 

» 
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predicted ,and that human error*could be an important factor in accidents. 

This subsection has pointed out some of the concerns involving safety of 
nuclear power. It has not provided definite answers to these concerns because 
these" concerns and their possible answers' are currently beirfg debated. The ; 
"future of nuclear power in the. United States will be determined by the manner » 
in which these issues are resolved. , 

HEAVY WATER REACTORS •• • '■ '' . 

The use^f heavy water -'as a moderator and coolant - instead of ' light 
water *— leads tp significant changes in reactor design. Light water absorbs 
some of.jthe neutrons produced -in the fis'sion reactions, representing a, loss for, 
the system. In order to provide enough -neutrons to keep the chain reaction going 
the uranium fuel must be enriched in * 3J U above the' natural percentage of 0.7%. 
Heavy "water has much Tower absorption for neutrons. With their reduced losses 
for neutrons, heavy water 'reactors can use natural uranium without enrichment, 
making the fuel* costs for a'heavy Water reactor much lower and providing better 
usage of the available uranium resources. _ 

On the other hand, heavy water, which Js^ present in natural water in a 
very small percentage, must be separated from the natural water. Heavy water 
is 'expensive;. .therefore, a heavy water reactor is more expensive than a light 
water reactor. Moreover, heavy water isr in short supply. "This lack of avail- 
ability has limited the development o'f heavy water reactors. * 

Heavy water reactors have been emphasized in Canada, and a number of 
electrical generating stations based on heavy water reactors are currently in 
operation there.* The reactors being used in Canada are sometimes called-Candu 
reactors (which stands for Canadian and . deuterium) . 

A schematic diagram of a heavy water reactor is shown in Figure -7. The 
approach has been to encase fuel Vods in individual pressurized tubes .with the 
cooling water flowing through them. • The tubes,' fu^ rods, and coolant that 
flows through the core are all horizontal. This arrangement contrasts with 
.the light water reactor, in which the 'fuel rods are in a single large vessel, 
tSdugh which the water flows vertically... <® 

* The heavy* water core*coolant flows through a -steam generator, and there 
it transfers its heat to light water. in the generator. ^ The ligMJ^water is \ 
transformed to steam, which is used to drive turbines. From -that point on, \ 
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Figure 7. Diagram of a Heavy Water Reactor. 
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the system is similar to- 
a light water pressurized 
water gpactdr.^ c 

In one variation of 
the Candu', reactors, heavy 
water is used only ,as the 
mcrdeVator, and light water 
is used as the core cqoI 
ant. This - design requires 



less heavy water, but the 
variation is less developed 
.than the original design 
whieh-uses heavy water as 



both moderator and core coolant. 

The costs of electrical power generation with heavy water reacotrs appear 

comparable to that of g^ejpation with light water reactors. Decreased costs for 

fuel are compensated by the high price of heavy water. 



GAS COOLED kEACTOKS * ' , ' ' 

Gas cooled reactors offer some advantages*as compared to liquid cooled 
reactors. < In particular, tfiehigh temperature* gas cooled reactor (HTGR) K off ers 
higher efficiency and better use of nuclear fitfl.. In addition,. the HTGR uses 
less water to carry away waste heat. ' 

We fuel in a HTGR is a mixture of uraniunl and thorium. The. thorium inter- 
acts with neutrons according to the following reaction: t 



2 32 



T + n 



233 U + e 



Reaction 4 



This reaction produces the fissionable isotope 233 U. The fission of the 233 U 
produced right* in the reactor contributes additional energy The use of this „ 
fuel cycle 'in the HTGR 'means that relatively abundant thorium can be used to 
stretch the supply of fissionable uranium fuel. V ' . * 

furthermore, the HTGR "appears to 'be immune to accidents involving loss of * 
coolant of the type that have been worrisome in relation to liquid cooled 



reactors , 
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The HTGR dogs have some drawbacks. . The initial cost of the reactor, is 
higher than that of light water reactors, and the HTGR requires highly enriched 
uranium. The. uranium must be enriched so that it contains about 93% of 235 U. 

The' development of the HTGR was pioneered in Great Britain, but is is now 
being developed in 1^he United States. It is not as widely used as liquid cooled 
reactors because *its\ development began later. In 1979 only one HTGR was used 
for electrical generation in the United States; however, a number of HTGRs are - 
on order. or planned. Whe HTGR, with t#* attractive features mentioned above, 
appears to have considerable promise for future use, ■ 

The fuel itself consists of small spheres containing a mixture of thorium 
and enriched uranium,, \The spheres are coated with carbon compounds. The carbon, 
an element of low atomic weight, acts as" the moderator. The'use of carbon as a- 
moderator material is another significant difference attributed to the HTGR. 

* The. fuel, elements ^re graphite^ blocks that have hexagortal cross sections. 
The graphite blocks have holes for iWertion of the fuel and for coolant flow. 
The" graphite (carbon) also acis as a moderator. Fuel elements are stacked to 
form the reactor core. 

Figure 8 shows a schematic diagram of a HTGR. Helium, which i\used as« ■ 
the gaseous coolant," is chemically- -.inert, hats" .very, go'od heat transfer properties, 
and has very low absorption for neutrons. ' * * 

Jhe steam is generated by the . " ~ " " * 

heated helium flowing through the $teairf 
generator. Ttte helium reaches a temper- 
ature around U66°F. The steam. is used 
to drive turbilves in a configuration 
similar to that of the other reactor 
systems tha^ have been discussed. ■< 

Most HT3Rs use steam generation, 
as illustrated in Figure 8. However, 
,a few systems are under development* 
that directly use the heated helium 
to drive gas turbines. 



control non 




Figure 8. Diagram of a 
High Temperature Gas Cooled 
Reactor (HTGR). 
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J BREEDER REACTORS \ ? 

' A reactor using fission o^ 2 3 5 U .in a fuel mixture that also contains 2 38 U 
can have . the following reaction occur: 

2 38 U + n ' ' 2 \ 9 Pu + e - _ Reaction 5* 

The 2 3 9 PU is itself a fissibnal^e isotope: In a'ligtit water reactor, the 
239 Pu will build up in the core, undergoing fission reactions^nd contributing 
some of the energy release. 

After the fuel assembly is used up\ the ? 39 ^Pti could be extracted during 
the reprocessing and used to make fuel rods. The istrtope 239 Pu has not been 
used as a fuel for reactors in the United States. ■ 

It is possible to design a reactor so Vh^t the buildup. of 2 39 Pu will be 
more rapid than the depletion of 2 3 5 U. Such \ reactor^will breed more fission- 
able cnaterial than it consumes .VHence; it is called a breeder reactor. 

Breeder realtors are attractive because they can produce additional nuclear 
fuel and, thus, stretch the a\/ailable^iatural supply of uranium. Drawbacks 
include the following: (1) plutohium is extremely toxic,* (2) 239 Pu, if released 
into the environment, would be an effective cancer-causing agent, and (3) the 
reprocessing facilities to reclaim the plutoifium would be an attractive target 
for teneprists, particularly since plutonium co^ld be used to make nuclear bombs. 

For effective breeding of additional nuclear fuel, the neutrons released 
in the fission should not be slowed do#n. Reaction 5 occurs best with fast 
neutrons. Thus, breeder .reactors are fast reactors, usincf fast neutrons. This 
is in contrast to the other types of reactors that have been discussed, a 1-1 of 
/which are thermal reactors and use a moderator to slow down. the neutrons. 
Breeder reactors do not use a moderator materia.1. * - ^ «, - 

" The coolant for a .breeder* reactor .must not interact with the* neutrons to 
slow them down. ' The %j§t premising materials jfhat appear useful as coolants 
are liquid metals. The leading designs for breeder relctors utilize liquid 
metal coolants; therefore, these reactors ar^ often cAlJe^ liquid-metal fast 
breeder reactors (LMFBR). • ■ , 

The liquid metal that appears most favorable is sodium. It has excellent 
# heat transfe£ characteristics and^good nuclear properties, yicludipg low absorp- 
tion for neutrons. Sodium has a high foiling point and relatively low vapor 
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pressure. Thus, it carv be heated to very high temperatures withput generating 
too much pressure. * 

\ Sodium i^ highly reactive when exposed to water or air. However, if it . 
^ii shielded from oxygen^nd water, it is neither excessively reactive nor cor- 
rosive. .It does become radioactive in a reactor, yielding the isotope 2U Na. 
Fortunately, this isotope Jias-a short half-lifte, and most of the radioactivity 
decays iri a few days. 'Sodium, a solid at room temperature, must initially be 
heated before it can act'as an effective coolant. 

One design for a LMFBR is illustrated in Figure 9. There are two separate 
sodium loops in this design. Sodium in the primary loop cools the core and 
teats the. sodium in the*secondary \oop*. The sodium in the secondary loop gives 
•up its heat in a heat exchanger • 
to produce steam. The remainder 
of the system is similar to what 
has been described before. The 
purpose of. the two separate sodium 
loops is to' provide safety and 
shielding for the radioactive * 
sodium in the reactor core. 

. ' The f.uel in a typical LMFBR • 
would consist of a "core" recjion 
^" containing" the ftssionable material, 

; surrounded by a "blanket" region "of 2 38 .U. The core would be about 10-15% 2 39 Pu, 
- \wath the rest 2 3 8 U. ' As. the reactor operates, the original 2 39 Pu is used up. 
\However; the 2 38 U, both in the core and in the blanket, is converted $o 239 Pu. 
^breeder reactor can produce more- 239 Pu than it started with: This 'material 
can be, reprocessed and used to fuel other reactors. The effect would-be to 
" greatly increase the supply of nuclear fuel. 
• * The technology of LMFBRs is being vigorously pursuded in Great Britain, 
' France, and' the Soviet Union. The United States has proceeded more slowly 
' - because of concerns about the hazards of- plutonium and its possible misuse. 
-Ther-e is. one LMFBR project located in the United States' '(in Clinch .River, 
Tennessee)." This reactor, intended as a demonstration of breeder reactor tech- 
nology while producing commercial electricity , is scheduled for operation in 1986. 

' . \ ; • • 7 
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Figure 9. Diagram of Liquid-Metal" 
Fast Breeder"Reactor (LMFBR). 



9 

ERIC 



135 



NUCLEAR FUSION . . . _ ' 

In nuclear fission reactors a heavy nucleus splits apftrt, yielding Tighter - 
fragments with a net release of energy* In nuclear fusion, two nuclei combine, 
'to produce a* heavier nucleus — also with a net release of energy. All the nu- 
clei suitable for nuclear fusion reactions are light nuclei, including" the 
isotopes of hydrogen,' lithium^, and^possibty boron. NucJ^cfr fusion reactors are 
still in an experimental stage, 'but they represent a potentially abundant energy ' 
source for the future. s K ' 

PRINCIPLES X • • * ' 

The most promising reactions involve the heavy isotopes of hydrogen, namfely * 
deuterium ( 2 H) and tritium ( 3 H). Deuterium, a stable, naturally-occurring isotope, 
is present in water in small amounts. Tritium*is a radioactive isotope with a 
half -life of^ 12.3 years. BecjLUseN^f its short half-life, tritium is 4 not found 
in nature* Any" scheme ^involving trUium must provide for some way of generating 
tritium within the 'fuel cydl^. * 

\ There are many cycles of reactfens among the light elements 4 that yield a 
net release of energy. For example, the following set of reactions •— 

2 H + 2 H * 3 He +J]_^3.2 MeV- Reaction f - 

2 H + 2 H » 3 H + l H + 4.0 MeV . Reaction" 

2 H + 3 H — ^ 'He + n + 17.6 MeV ' Reaction 

2 H + 3 He >> Hte + n + 18.3 MeV ' Reaction 9 

has the following reaction as its sum: 

* ■ , . 

6 2 H r*- 2 "*He +2p+2n+43.l MeV Reaction 10 

* . ' 

The- 3 H needed in-Reaction 8*i s generated In Reaction 7.- The energy release per 
gram of deuterium amounts to about 10 s kWh.-.Jhus, the deuterium present in ~ 
the world's oceans cajj supply a htje nor mo us amount of energy. It is estimated 
that, at-tbday's rate of energy consumption, the deuterium in the oceans couUk 
supply the world's energy needs for- 10 billion years. - • \ 

• An alternate* fQel cycle could be described py the following reactions: 
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2 H + 3 H 



n + 



J Li 



"He + 17.6 MeV 
"He + 3 H + 4.8 MeV 



The net effect of the above two reactions is as follows; 



2 H + 6 Li 



2 -H 



+ 22.4 



Reaction 11 
Reaction 12 



Reaction 13 



The 3 H needed for the first reaction is provided by the second- This set of 
reactions is complicated by the need for lithium in addition to deuterium. + 
As an ultimate source of energy, it Js probably less desirable than that repre- 
sented, by Reactions 6 throughlO. 'However, the, threshold .conditions for 
'Reactions 11 through 13 are_easier to meet. Thus-, current research is empha- 
sizing the fuel cycle of Reactions 11 through 13. 

There is great interest in nuclear fusion because of the practically 
inexhaustible supply of fuel it would afford. In addition, the generation of 
energy by nu c 1 e_a r fusion has the adva ntage of being relatively cle a n compared 
to nuclear fission. Other advantages are as follows :/-£l) the buildup of 
radioisotopes and the problem of storage of radioactive waste are much reduced, 
(2) therg is no plausible catastrophic release of radioactive elements into the 
environment, (3) the environmental impact of obtaining the deuterium fuel- is 



negligible, and (4) the problem of 
weapons production is virtually el i 



possible theft of nuclear materials for 
iminated. In summary, power from nuclear 
fusion' offers many extremely attractive features. , 

In ord^P, to make a set of nuctleair fusion reactions pro«eed, certain 
conditions must be met. The conditions include hrgh temperature and contain- 
ment of. the reacting materials. Because of the need for very high temperatures' 
(10 8 to 10 9 K), the fusion processes often referred to as thermonuclear fusion. 



In order to extract a net gai 
reqtjired temperature; then it must 
to exceed the needed energy input. 



in of energy, the fuel must be heated to the 
be confined long enough for the energy output 
At the required temperatures, the atomic 
particles have high velocity, and the fuel tends to fly apart before the reac- f 
tion -proceeds very far. a *Thus, therjs is a need to confine the materials at high 
^ density for a reasonable amount of jtime. 

The quantitative expression of the threshold is given by the 1 Lawson crite- 
■* rion. The Lawson criterion. is a greatly Simplified statement of the needs for 
rtet energy production. The Lawson criterion is stated in t^rms of a product 

' ■' P 
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nx, where n is the particle density (atoms per cubic centimeter) of the -fuel \ 
and t is the time for which the fuel must be confined at 'that ciensity. The 
product ni must exceed a value that depends on the temperature and on the set 
of reactions. 

Figure 10 shows the Lawson criterion for the two sets of Reactions dis- 
cussed above. TheVequired value of nx is shown as a function of temperature. 

There is a r parti cular^mperature for 
\each^seWof reactions for which the con- 
fTT^€fwe0T^equireme are easiest. For 
Reactions^!! through 13, the* minimum N 
occurs, for nx about 10 1 * sec/cm 3 at a 
temperature around 3 x 10 8 K. Sometimes 
the Lawson criterion is simply stated 
by the following equation: 



o 
o 

3 



10 



1i 



RUCTIONS *-t 



Muemom 10-12 



10? 10 K 



Figure 10. The Lawson* 
Criterion. 



nx > 10 ltf sec/cjn 3 



Equation 1 



where: 

n = The particle density (atoms per cubic centimeter) of the fuel, 
x = The time for .which the fyel must be confined at density n. 

The assumption of the above equationjs that the temperature is the value for 
which the required nx is minimum> 

The set of Reactions 6 through 10 has more stringent requirements on the 
required value of nx. Thus, present research is concentrating ,on achieving 
the easier goal of meeting the^Lawson criterion for Reactions 11 through 13. 

The criterion, as expresseci ay Eqbati^on 1, caijf be satisfied by appropriate 
combinations of n and x. Thus, if the matertarl^can be confined for only one 
nanosecond (10" 9 seconds), the particle density will have to exceed J0 U /10" 9 = 
10 23 atoms/cm 3 . If'the fue] could be confined for one microsecond, the re- 
quired particle density would drop to 10 20 atomsf/cm 3 . 

At' the temperatures of interest, the atoms are completely stripped of 
their electrons. Thus, one has the fuel in the forhv-of an ionized plasma, that 
is, a gas composed of positive ions and eleqtrons. 
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The quest for practical generation of power from controlled thermonuclear 
reactions is still in an experimental stage. It-^iW be decades before commer- 
cial power is derived from thermonuclear fusion. Because of. its great poten- 
• tial, however, research programs are underway in many countries, including the 
United States, the Soviet Union, Great ftptain, France, Germany, and Japan, 
the maij^ thrust is to provide a method of confinement that satisfies the Lawson 
criterion. Two main approaches are being pursued: magnetic confinement and 
inertial confinement. These approaches will be described in the next sections 
of the module. * 



MAGNETIC 

FIELD 

LINE 



MAGNETIC CONFINEMENT FUSION ' ^ ' 

A charged atomic particle,^ moving in a magnetic field, experiences a 4 
force perpendicular to the direction of its motion. The result of the force 
is that the particle will spiral around~£he*magnetic field line. The resultant 
motion is illustrated in Figure 11. The particle is confined in one dimension, 
the direction perpendicular to the magnetic field line. It does travel alorfg 
the direction of 'the magnetic field line. 

Because the thermonuclear fuel is in the 
form of a plasma of charged particles, magnetic 
fields offer the possibility of containment of the 
plasma. Obviously*, a simple linear magnetic* 
field will not confine' the plasma well. Particles 
would simply diffuse along the magnetic'^field 
lines and escape. Hence, closed loop magnetic 
'field configurations have been devised. 

Research on magnetic field confinement of 
plasmas for thermonuclear fusion began in the early 
1950s. Many ingenious configurations of magnetic - 
'fields have besn_ designed. This module will not 
describe all the configurations. The experiments 
ha^e^been plagued by instabilities in the inter- 
action between the magnetic field and the plasma. 
The plasma wouldjttilge out in some direction, ' 
carrying the magnetic field lines with it. These 
instabilities have made it much more difficult to 




J PARTICLE 

TRAJECTORY 



Figure 11. Trajectory 
of Charged Particle in 
a Magnetic Field. 
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achieve confinement tljan had been expected- Nevertheless, considerable pro- 
gress has been made. In the late 1970s, the lower edges of the region of 
interest for magnetic confinement fusion wen^ being reached. Critical experi- 
ments to define the potential of magnetic confinement fusion will be performed 
in the near future. 

The Teading configuration of magnetic field for magnetic confinement 
fusion is the "tokamak." The* tokamak was originally developed in the Soviet * 
Union, but novy it is also being used in the Uaited States program on magnetic 
confinement fusion; " • , — 

The tokamak is a torus-shaped device.., (A torus has the shape~of the 
surface of a doughnut.) A schematic diagram of a tokamak is shown inVigure 12, 

M * The plasma is contained within a 



MAGNETIC 
COILS 




L VACUUM 
CHAMBER 



.Figure 
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Cutaway Diagram 
.a Tokamak. 



vacuum chamber, which is torys- 
a shaped^ Because of the magnetic 
confinement, the plasma is con- 
fined in the center of the torus, 
away from the walls. ThfSyrevents 
copling" of. the plasma, by contact 
with the walls. The plasma acts 
as the secondary winding of a 
lafrje external transformer^ not 
•shown), causing a laptfe^ current 
to flow in the prisma (indicated 
asv I fn th^figure); The current 
hea\^the plasma to the desired 
f > * hiofft temperatures. 

In a tokamak,.. the magnetic field winds^around iti a helical path (indicated 
by H in Figure 12). The magnetic field is, partly produced by the wedge-shaped 
magnets surrounding'* the torus and partly by the current in the plasma ttself. 
The magnetic field closes back on itself; therefore, the charged particles can- 
not escape, down the length of the field. This^configuration of magnetic field 
showS the ability to confine the plasma with good* stability. ' : 

In a tokamak, the particle densities are expected to be around l(T l Vcm 3 , 
^Thus, to satisfy the Lawson criterion, confinement times would have to "be ground 
one second, at temperatures around 10 8 K. In experiments in a tokamak at - . * 
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Princeton University in 1979, plasma densities around 4.5* x 10 13 were, produced 
at a temperature around 5-5 x 10 8 K and were confinecTfor about 0.02* seconds. 
This represents a product ni of 9 x 10 11 sec/cm 3 , .or approximately a factor of 
100 lliwer than the Lawson criterion. Still, the values of these parameters 
are approaching the range that is of interest for thermonuclear fusion. Im- 
proved tokamaks are under construction, and it is expected that the Lawson 
criterion can be exceeded in the early H)80s. 

It is possible that improved design will continue through the 1980s /-and 
that, in the 1990s, the technology of power generation with magnetic confine- 
ment fusion could be tested on pilot plants. Commercial generation of power 
could begin in the early 21st century. ^ 

TNERTIAL 'CONFINEMENT FUSION 

' There is. a competing approabhjpr controlled thermonuclear fusion r- 
inertial confinement fusion. In this approach, a tiny target is compressed and 
heated in a very short time, less than "one "b T Tl Tonth aT~a second ~. s The f us iori 
energy is produced very rapidly, before the fuel has a Chance to fly apart. 
-The fuel is said to be "confined" by- inertial forces. 

\J\ method must be used for heating the fuel ,very rapidly. ^One approach 
is to use lasers, which are capable of producing very. high power pulses with 
extremely short duration. Laser-assisted thermonuclear fusion was first sug- _ 
gested in the early 1960s, and large programs directed at laser fusion are 
underway in the United States, the Soviet .Union, and several other countries. 

i* The discussion of inertial confinement fusion in this section emphasizes 
the use of lasers for heattng the fuel. Other, heating methods %re ^l$o under 
investigation - such as. jthe use. of electron beams or ion beams. It should be 
remembered that there are competing approaches for inertial confinement fusion. 

Because the confinement time is short ^10 -9 seconds), the particle den- 
sity must be high (£l0 23 /cm 3 ) in* order to ^atisfy the Lawson driterion. Since 
deuterium-tritium (the fuel) is gaseous, it must be compressed considerably to 
achieve the required density (which is higher thah^e density in solid mate^ 
rials). The approach to* heating and confinement is illustrated in Figure 13. 
The gaseous fuel is contained in a spherical glass shell. The spherical tar- 
gets being used invcurrent experiments have diameters of approximated 0.01 cm. 
A number of laser -beams (or electron be^ms or ion beams) strike the target from 
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Figure 13. Diagram 'of Processes in 
Inertia! Confinement 'Fusion. 



several different direc- 
tions, as shown. The 
beams vaporize the surface 
of the target and* produce 
a hot, expanding plasma. 
The expanding plasma re-, 
acts on*the fuel , com- 
pressing it and driving it 
inward. This process, 
called an implosion, can 
produce the required high 
temperatures and high 
particles needed to satis- 
! fy the Lawson criterion. 

The approach of inertia! confinement fusion offers many simplifications, 
-as- -comparred-to -TOgflet+c r-eoKf4nement fusfon. For instance, 4t- removes— the-need— 
'for, large magnets and it bypasses all the problems of plasma instabilities 
which have troubled magnetic confinement fusion. At the same time, inertial 
confinement fusion creates many problems, one of the most significant being the - 
development of suitable high power lasers. 

Initial experiments on inertial confinement fus'ion involved using infrared 
lasers, — particularly neodymium-gla$s lasers or carbon dioxide lasers. These 
lasers were chosen because they are the only ones that are well enough developed 
to begin experiments. However, many experts believe that these lasers can never 
be developed to drive a thermonuclear generator. They feel that the required 
laser must have an output* in the ultraviolet or in the -blue part of the visible 
spectrum. There are no suitable high power blue or ultraviolet laser* available 
today, yet large programs are underway to develop such lasers. 

Some miles tones- on the eoer-cjy release in laser-assisted thermonuclear 
fusion are shown % in Fijure 14\ MThjs figure shows the program at th*e Lawrence 
Llvermore Laboratory which uses n6odymium-glass lasers. The figure shows tfife 
pellet gain* defyied as "the ratio of thermonuclear energy output to thejaser 
energy input." The names (Janus, Cyclops, and so on) refer to particular 
lasers /the powers of which are indicated. One terawatt (TW) is 10 12 watts.,. 
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Figure 14. Laser Fusion Energy Yield Projections. 

In 1979, the SHIVA laser was in operation, delivering 10 to 15 kilojoules 
of energy to a target in approximately one nanosecond arid producing thermonu- 
clear reactions that release about 3 x 10 10 neutrons. It is hoped that this 
laser will produce ^significant thermonuclear burn^defined as "pellet gain 
greater than r 0.01. M * m ~~ 

. Construction of a larger laser, the SHIVA-NOVA, has begun. *This laser 
should produce over 100 kilojoules of energy in a pulse 1 to 3 nanoseconds long. 
It is hoped that this will demonstrate scientific breakeven (pellet gain greater 
than one) in the early 1980s. 

fUSlOH REACTORS . ' 

Controlled thermonuclear fusion (either magnetic confinement* or inertial 
confinement) will need a reaction chamber to contain the products of the reac- 
tion and to harness the energy released. The energy will be converted to heat 
which will ,be used to produce steam. The steam, in turn, can be used to drive 
generators which will produce electrical power. 

There am/difficul t -requirements for the reactor, It must withstand the 
shock, and. debrte and parttcle bombardment from the small thermonuclear 
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explosions. It will be bombarded by neutrons, gamma rays, and. charged parti- 
cles. The reactor must also provide entry ports for laser beams entering from 
many different directions and a method for collecting the energy release of 
the fusion reaction. £ 

One concept concerning a suitable reactor involves using a layer of 
liquid lithium on the inside wall of the chamber. Lithium protects the wall 
from the ptarticle bombardment. It also produces the tritium needed for the 
fuel, according to Reaction 12, and serves as a heat transfer medium to drive 
the steam generating system. The development of a good reactor remains as one 
of the requirements for successful exploitation of controlled thermonuclear 
•fusion*. 



PROJECTED TECHNOLOGY 

The current status of controlled thermonuclear fusion is experimental. 
Systems are now being constructed which should demonstrate scientific feasibil- 



ity (that is, satisfying the Lawson criterion) in the early 1980s.' This applies 
to both magnetic confinement and inertial confinement fusion. The demonstration 
of scientific feasibility-should be followed by some years of continued develop- 
ment of the vsrious technologies to improve designs and to increase energy 
yields. By the late 1980s, decisions could be reached concerning the feasibil- 
ity of one of the systems, but the decisions will haye to involve choices about 
the driver for inertial confinement fusion (laser, electron, or ion beams) and 
a choice between inertial and magnetic confinement fusion. 

By the 1990s, the technology could be sufficiently developed to construct 
a pi lot plant for production of electric power. With the experience' gained from 
operation of the pilot plant, it might be possible to construct commercial 
electrical generating plants based on fusion in the early 21st century. 

GEOJHEMAL ENERGY SUPPLY 

The temperature inside the earth increases with deptft below the surface. • 
The temperature rises about,?0-30 <0 C per^ kilometer of depth. Because of the 
temperature gradient, heat is conducted from the hot interior of the earth to 
the surface'. Most of the heat is too diffuse to be useful. In some geologi- 
cally active regions, the heat flow is muth larger than the average value. 
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In these areas, flows of steam or hot water can emerge from the surface of the 
earth - for example, the hot springs and geysers of Yellowstone National Park. 

•The extraction of useful energy from the stored heat energy of the earth 
is- called geothermal energy. Geothermal energy has long been used for space 
heating in some, areas. The city\of Reykjavik, Iceland, supplies much of its 
heating from geothermal energy. In addition, gepthe'rmal energy is used to 
produce electrical, power in a few locations. * 



GEOTHEKMAL EMERGV RESOURCES 

Geothermal energy tias many attractive features. Systems using geothermal 
energy are simple because they do not require furnaces, boilers, and so forth. 
The steam is delivered directly from the earth. . Once the capital installation 
for generating power is in place, the operation is essentially free - tn the 
sense that no fuel is required. The operation is cleanand has very little 
-e^ponmentaJ— impact. In some cases.,- -hydrogen sulfide (H2S), s an odorous gas, 



may be released into the atmosphere. However, because this occurs in areas 
where hydrogen sulfide is already being released naturally, the release isv 
usually not significant. Another acfc/antage of using geothermal energy is that 
it would ^conserve fossil fuel's. \ 

The disadvantage of geothermal energy's that it is available only in. 
certain areas of the world, areas associated with movements of the earth's * 
crust, volcanic activity, and so forth; Such areas are often located far, frtw 
large population centers. 

Regions of intense geothermal activity include. the western portions of 
the North and Soutjji American 1 continents , the_ western part of the Pacific Ocean 
basin, parts of central Asia (the Himalaya Mountain area), the basin* of the • 
Mediterranean Sea, and Iceland.] Thq area covers parts of thirteen states in. 
the western United States, including Hawaii and Alaska. 

< Current geothermal electric^enerating capacity provides only a small" 
fraction of 1% of the electrical ne^ls^of the UnitSd States. YetShe capability 
'exists for much greater utilization. Intense. geothermal. activity is known to 
be available i n many areas, and it is possible for geothermal energy to supply V 
up to 25% of the electrical power needed in the western United States. 
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Gedcthermal energy sources ,are divided into two general types: vapor 
dominated and liquid dominaled— The vapor dominated systems produce steam, 
typically at temperatures around 250°C and pressures of several hundred pounds 
per square inch. The steam. is suitable for driving turbines and producing 
electrical -power. • * 

The liquid dominated systems produce either hot water .or a mixture o'f 
steam and hot water. Some liquid dominated systems'are suitable for power 
generation; however, for this application, the steam must be separated from 
the water. Thus, vapor dominated systems are. usually desired for power genera- 
tion, and many liquid domtnated^sys terns are better-su^ed for space. heating 
applications. 



PR-ESEWT GEOTHERMAL TECHNOLOGY ^ < 

The generation, of eleptrical power from vapor dominated geothermal sources 
is straightforward. Wells are drilled to the underground reservoirs containing 
the steam^ The depths of the reservoirs can range from a ^ew hundred to a few 
thousand feet. Steam is piped oqt of the reservoir uncler its own pressure and 
~1s delivered directly to steam turbines which drive electric generators. 

The 6 exhausted steam^is condensed with cooling water; therefore, cooling 
towers may -be peeded. It is possible for the^steam to contain corrosive gases, 
sych as hydrogen sulfide. This possibility of cbrrosion makes it necessary for 
stainless steel to'be used for a the turbine blades and, the pipes* 

The only operating geothermal ^enerati^Nglant in the United States is 
located at The Geysers, Cal if orrvj^,* north of S^n Francisco. At this, location, 
wells 'have been drilled to depths up to 9000 feet to. reach steam reservoirs. 
Steam is delivered tyrthe turbines* in pipes up to three feet in diameter, at 
a pressure ^roun^ 11 5^ pounds pel Square inch and a temperature of 348°F. The 
steam contains about 1% <^jga$£s^tfth^ carbon dioxide, methane, a^id hydrogen 
suTfidte. The gase§ ^re released to the atmosphere, but it. is possible to 
remove the"hydrogen sulfide. , A/tip^drivir^^he turbines, the steam i? condensed 
by cooling water from a cooling > tower. The condensedHeam is then' returned to 
v the ground in a disposal well. Because^of its simplicity' (that is, because it 
requires no boiler, no boiler 'controls 9 , and so forth), the installation does 
not require continuous operator attendance. 



X 
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The Geysers' geothermal plant has been in operation since 1960. In 
1976 it was capable of generating 908 megawatts of power. Furthermore, it 
is estimated that it might ultimately be capable of producing up to 5000 mega-, 
watts of power. j 

Geothermal generating stations are in operation in a number of other 
countries, i-ncluding Italy, New Zealand, Japan, and Mexico. 
Geothermal generating plants operate at relatively low thermal efficiency be- 
cause the steam temperatures are low compared .to those in" fossi 1-fuel plants. 
The efficiency of conversion of thermal energy in the steam -to-'eTectrical energy 

is only'arourid 16%. 

Costs of geothermal' energy ' i ncTude the costs of exploration, drilling, 
and installation of the piping and generating equipment. A detailed cost com- 
parison between geothermal energy and other energy sources is difficult. tft * 
appears that the cost of electrical jpower from geothermal sources should be 
comparable to or lower than^that from other sources f except for hydroelectricity . 
"As tlhe^cost oTfossTrfuels continues to rise-, more ' development in Lhe area uf 
geothermal energy sources can be expected. - - 

OCEAN THERMAL ENERGY 
. —"Great' amounts of thermal energy are stored in the oceans of the world. 
This section of- the module^describes attempts to harness some of this energy. 
Afthough most of the emphasis contained in this module and in other ' modules of 
this course has been placed on production of steam and hot water, this section 
of 'the .module discusses ocean thermal energy systems, for, which the working 
fluid is usually something other than water. 

PRINCIPLES ' f . 

Large temperature differences exist betsafeen the cold deep layers of the 
ocean and the warm surface waters, especially in\ropic areas. This tempera- 
ture difference can' be- used to run a<fett engine - which is a concept known for 
some time. A primitive power plant' using this concept was demonstrated as early 
as 19'3,0, but -the technology is still in an experimental state. 

Basically, the operation of an oce^an thermal energy conversion (0TEC). 
system involves extraction of heat from the warmer surface water at a tempera- _ 
ture perhaps around 25°C in order to vaporize some fluid, sfuch as ammonia, t 
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which has a low boiling point. The vapor is used to drive a turbine, which, in 
turn, can generate electricity. Cold water, at a temperature around *4°C, is 
piped up from the* ocean depths and is used to condense the fluid. The use of 
floating stations is usually envisioned. , % * 

In- a sense, this is also.a use of Solar energy, because the temperature 
difference in the ocean is maintained by solar energy. 

'Ocean thermal energy conversion systems require a suitable temperature _ 
difference between the top surface and the deep waters - preferably, a temper- 
ature difference of around^20°C. And, since it may be difficult to pump the 
water from depth* greater thctn ?bout 2000 meters; a temperature difference of 
£0°C in water that rs not too deep is needed- Only certain parts of the oceans 
are suitable, and most are located in tropic or subtropic areas-; 

. The energy created in an ocean thermal energy system could be used 
directly by transmitting it to the land via cable. This use is' applicable main- 
ly for areas that are reasonable close to suitable parts of the ocean! Examples 
could be Hawaii, Puerto Rico, and parts ot the buif Coast of the United ~STa~ tesr~ 

For ocean thermal energy conversion systems located v in parts of. the^\. 
ocean far removed from land, direct transmission of electricity to the snore 
may not be feasible. However, it might be possible to use the energy to prod- 
uce a fuel, such as hydrogen^ which could be transported to shore by barge. 

Ocean thermal energy systems would require no fuel, would use a renew- 
able energy resource, and would have very little environmental impact These 
system are presently in a developmental stage because there are difficult prob- 
lems to overcome*- for instance, in mooring of the conversion^ stations, in 
possible corrosion and fouling by seawater, and in transmission of the generated 
poweV. The costs of setting up an ocean thermal energy conversion system are 
likely to be higher than those' of fossil -fuel or nuclear plants of similar 
capacity. 

V » 

BASIC PLANT DESIGN 

There are''a number of poss-ible designs for ocean thermal energy conver- 

j 

sion systems. A schematic diagram of what is probably the most common type of • 
system is shown in Figure 15. The long pipe extends to depths perhaps thou- 
sands of feet below the ocean surface. Cpl'd water, which' is raised by pumps, 
is used to cool condensers; then the water can be exhausted directly back into 
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EVAPORATOR 



the ocean. Warm surface water 
is .pumped into evaporators, 
where it vaporizes a fluid 
witlua low boiling point. 
Ammonia has been used as the 
fluid in mostvtests. At a . 
pressure of one atmosphere, 
ammonia is a gas at ordinary 
temperatures; however, it can 
be liquefied by pressure. The 
system is pressurized so that 
the change from vapor to 
1 iquid -occurs at a tempera- 
ture between that of the 
-wam-and - c old w aters. The 
oV 




, WARM 
WATER' 
OUT 



GENERATOR 



COLO WATER 
OUT 



COLO WATER IN 

Figure 15. Diagram of Ocean 
Thermal Energy Conversion. 



expanding vapor from the 
evaporator passes through a 

turbine whicfi drives a generator*. Ihe vapor is recondensed to a liquid" in the 
condenser; V 

Because the temperature of the working fluid is low,* the thermal effi- 
ciency of the system is low. The thermal efficiency is around 2.5% (that is, 
only 2U5X of the available thermal energy is extracted) - which is an efficiency 
much lower than that of other power plants. Because there is such a large 
reservoir of thermal energy in the oceans, useful power generation may be possi- 
ble despite the low effictency. 

A number of possible platforms are under investigation,- including ships; 
submarines; and tubular, roughly cylindrical structures, of which only a Small 
portion shows above'water. ' - 



PRESENT TECHNOLOGY ■ . ' - 

Ocean thermal energy conversion systems are currently in a conceptual 
phase; fiowever, a number of detailed designs have been developed, and the United 
States government is funding severaj programs. .-As-of the late 1970s, there 
apparently were no operating systems in existence. A modified .tanker being 
prepared as an engineering test facility is' expected to begin operation in 



This, facility, which will generate one megawatt of electrical power, will pror 
vide data about, ocean thgrmarcn^gy conversion systems that can be used, in the 
design of other faciJ-ttlies. * 

A larger pilot pAfnt, capable of gerarating about 10 megawatts, is , 
planned for the middle- 19801s. It is possible that conjmercial electrical powers 
cauld be generated by ocean! thermal energy-conversion in the late 20th century. 
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INTRODUCTION 



A combustion engine is a device that burns a fuel to produce heat energy 
and converts a portion of that heat energy into, mechanical output energy. 
Very little has, changed the course of history aS much as the combustion engine. 
It has taken farmers out from behind the horse and placed them on farm machines 
where their output has increased manyfold. It has freed a 'portion of the agri- 
culture workforce to move to th^urban areas and lias given industry the capa- 
bility to absorb the newcomers' talents. \ 

Combustion engines are the power sources for vehicles* that transpprt food, 
raw material, finished products, and people. Stationary combustion engines are 
used for the following purposes: (1) in production machinery to drive pipeline 
pumps and (2) for the production of electricity in power plants up to 10,000 kW. 

This module presents all major types of combustion/ engines - except tur- 
bines, which are described in Module ^EP-06, "Turbines." Because of the impor-, 
tance of reciprocating internal combustion engqnes that use gasoline* or cliesel 
fuel, this engin? type is discussed in detail. 



\ 

PREREQUISITES 



The student should have completed Fundamentals of Energy technology . 



OBJECTIVES 



Upon completion of this module, the student should'be abl? to: 
^ Discuss the fQllowing classifications of combustion engines* and give 

examples of engines in subdivisions within each classification: 
-a. Place of combustioo , 

b. Means of energy conversion 

c. Type of mechanical cycle ( 



d. Type of cooling system 

e. Arrangement of cylinders 
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2. Describe the* operation of the following engines: 

a. Two-stroke, compressing-igm'tion reciprocating engine Idlesel) 

b. Four-stroke, spark-ignition reciprocating engine (gasoline) 

c. Rotary internal combustion engine 

* d. Stirl ing" engine - - h 

e. Steam engine 

3. , Discuss the function and characteristics of the following major components 

of an interna] engine: ^ \ 

a. Cylinder block 

b. Cylinder head N , 

c. Ma infolds 

d. ' Valve train * 

e. Piston and connecting rod assembly 

f . - Crankshaft assembly . 

4. List fouc^types of lubrication systems and briefly explain the function 
of each. 

5. % Draw a diagram of a full-flow oil filter system and discus's the function 

of each component. 

6. List and discuss four types of fuel injection systems. 

7. List the components of a carburetion fuel system. 

8. List and explain three types of air cleaners. 

9. Draw and label a diagram of a .simple carburetor and explain its functions.^ 
10- Identify and dvscuss the function of, each component in the following sub- 
systems of the electrical system of a spark-ignition engine: 

a. Ignition system # 

b. Starting system , 

c. Charging system 

11. Replace the breaker (joints, Votor, ar^d condenser of a spark-ignition engine 
and time the engine. 
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SUBJECT MATTER 



CLASSIFICATION Of ENGINES 



There are many ways to classify engines. . They can be classified by the 
following engine parameters: 4 4 
• Place of combustion (i ntern al or ext ernal) 



• Means of, energy conversion (reciprocating or rotary) 

• Type of mechanical cycle (two-stroke or four-Stroke) 

• Type of cooling system ?( water or air) > 

• Arrangement of cylinders (in-line, V-type, opposed, radial) 

Each of these classifications will be discussed in detail in the f ol/l owinjg 
sections of the module. y 



PLACE OF COMBUSTION 



Every engine relies on heat to produce mechanical energy. In combustion 
engines, heat, is provided by the burning of a fuel. In order to burn the fuel, 
a place of combustion must be provided. Thus, the first classification of com- 
bustion engines involves where the combustion takes place. The burning of the 
fuel can take place inside the engine, in Which case the engine is classified 
as an "internal combustion engine." Or, the fuel can be igrvited in a place 
- remote -to tbe engine. This -type of ejiguie„j.s_ classified as an "external com- 
busti.on engine." 
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IntzAnaZ Combustion EnginQA v 

Internal combustion engines are divided into two groups according to the 
type of ignition used: spark^ignition or compression-ignition.' 

In a spark-ignition enginq, a vaporized fuel-air mixture is compressed 
with a piston in a cylinder inside the engine. At or near the point of maximum 
compression (called "top dead center"), a spark is introduced into the cylinder 
and the fuel-air mixture is ignited. The combustion causes heat and increased 
pressure inside the cylinder. The pressure pushes the pist on downward* in the 
cylinder, thus producing the force necessary to generate work. By 'attaching 
the piston to a crankshaft., rotational energy is generated. 

In a compression- ignition engine, air is highly compres'sed by a piston in 
a cylinder. This compression forces the molecules of the air closer together 
and causes the air to heat to a higher temperature. At or near the point of | 
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maximum compression and highest temperature, an atomized fuel is sprayed into 
the cylinder. The fuel ignites (because of the high temperature* in the combus- 
tion chamber) and burns, driving the piston outward in the cylinder and produc- 
ing work, v • 

, , / , 

Tafile 1 shows some of the applications for internal combustion engines • 

As shown in the table, spark-ignition engines are used, in. situations where 
1 ightweight .and higher horsepower engine's are required. Because compression- 
ignition* (diesel ) engines withstand higher temperatures and pressures, they are 
bulkier and heavier. These characteristics limit diesel application to, heavier 
machinery and stationary usage. . * ' 



TABLE 1. APPLICATIONS OF INTERNAL COMBUSTION ENGINES. 



Class 


Service 


Approximate 
hp R*tfge^ 
(one engine) 


Predominant Type 


D or 
SI 


Cycle 


Cool- 
ing 


Road vehicles 


Motorcycles, scooters 
Snail passenger cars 
Heavy passenger cars 
/'tight coiunercial 
Heavy (long distance) commercial 


i-sa 

20-100 
100-500 

50-200 
150-500 


SI 
SI 
SI . 
SI-D 
D 


2,4 
4 
4 
4 
4 


A 
A-W 
W 
H 
W 


Off-road vehicles, 


, Ligtot vehicles (factory, airport, etc.) 
Agricultural *^ 
Earth moving 
Military 


2-20 
4-200 
50-1000 
S0-2S00 


"si 

SI-D 
D 

D. 


2.4 
2.4 
2.4 
2.4 


A-W 

A-w 
w 

A-W 


Railroad 


Rail xars * 
Locomotives 


200-500 
500-4000 


D 
D 


2*4 
2,4 


w 
w 


Marine 


Outboard 

Inboard motorboats 
Light naval craft 
Ships 

Ships 1 auxiliaries 


1/2-100 s 

s-iooa 

40-3000 
5000-30,000 

100-1000 
• t 


SI 
SI-D 
D 
D 
D 


2 
4 

2,4 
2,4 
4 


w 
w 
w 
w 

w . 


Airborne ' 
vehicles 


Airplanes ■ * / 
Helicopters ♦ / 


65-3500 
6S-2000 


SI 
SI 


4 
4 


A 
A 


Home use 


Lawn mowers \ y ^ 
Snow blowers / 
Light tractors - 


1-4 
3-6 
3-10 


SI - 

SI 

SI 


2.4. 
2", 4 
4 


A 
A 
A 


Stationary 


Building* service 
Electric power * 
Gas pipe line 


10-500 . 
SO-30,000 
1000-5000 


D 
D 

SI 


2.4 
2,4 
2,4 


• W 

w 
w 


Special for 
racing 


Vehicles and boats 


100-2000 


SI 


4 


w 


SI - Spark- ignition-; D ^Diesel. 



Internal combustion engines have become important ;in this century because 
of <the automotive application. However, they are relatively inefficient (35% 
general efficiency as compared to turbincT efficiency of higher than 90%) and 
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are high! vdependent on petroleum products 'which are becoming scarce and costly. 
'Because/'of these facts, efforts are being made to find substitutes for the in- 
ternal combustion engines* Two substitutes which have gained ^recent attention 
are the battery-powered engines and the Stirling engine. The Stirling engine * 
is discussed below. ^\ 



External Combustion Engine* > 

One of the .substitutes fdr internal combustion engines is the external com- 
bustion engine. The primary advantage in using the external combustion engine 
is t^at it dan burn any type of fuel; not just gasoline or diesel fuel as in 
internal combustion engines. In most cases, the combustion heats either air or 
steam. The two most important types of external combustion engines are the 
Stirling engine and the steam engine. 

Stirling engines use hot air to heat the pistons that produce rotational 
motion. As, shown in Figure 1, air is heated and allowed to pas's around the 
outside of an expansion chamber. As the hot air passes,; itli&ats the air in- * 
sicteTtfe chamber. As the internaTair heats, ft expands, causing the piston to 
move downward in the cylin-^ 
der. This piston is linked 
to an output shaft that 
-makes the Ijnear motion „ 
become rotational energy. 
Once <the piston starts mov- 
ing, then the^Stirling en- 
gine is similar to an in- 
ternal combustion engine, v 
The Stirling engine has 
three major characteris- 
tics: (1 ) air is heated 
and passed around an expan- 
sion chamber, (2) this hot 
air heats air that is in- 
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Figure 1. Early Stirling Engine. 



side 'the chamber, and (3) heating the air inside the .chamber causes the air to 
expand and move a piston. ^ 
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FLYWHEEL 



CYUNOER 



Stirling engines have been used in the past as refrigerating machines, 
heat pumps, and pressure generators; and they are presently being tested for 
use in transportation devices. These engines have several advantages to offer, 
such as running without noise or vibration and having low air pollution rates 
and high thermal efficiency. But, the major advantage is that they use any 
type of* combustible material as fuel. However, despite these advantages they 
are costly and complex, two farttors which have contributed to the major problem 
concerning Stirling engines today — that they are relatively untested in many 
applications. 

.The steam engine, another type of external combustion engine, has a - 
"double-acting" piston (Figure 2). A double-acting- piston uses the force of 

the steam alternately applied 
to each side of the piston, 
causing the piston to move^ 
back and forth and generating 
\ rotational mechanical power 
.at the flywheel. The steam 
can be generated in a boiler 
at any location and piped to 
the steam engine. Steam en- 
gines were used ip^arly rail 
road locomotives^efore die- 
sel engines became popular. 

Historically, external 
combustion engines have been 
used on a limited, basis. - How 
ever, due to increasing petroleum fuel costs, they are becoming options to inr 
ternal combustion engines since — as stated previously - external combustion 
engines can use any type of fuel for the heat gerferajting process. 

MEANS OF ENERGY CONVERSION 

Combustion engines can also be classified by means of energy conversion. 
Engines operate by producing- heat and pressure. This pressure must be exerted 
against some movable object i^ order to produce mechanical motion. The 
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Figure 2. Schematic of a Steam Engine. 
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pressure must be contained in some sealed device in order to keep the pressure 
from dissipating in directions other than the one desired. There are two stan- 
dard methods used in engines for enclosing high pressure and for producing, ro- 
tary motion arid Mechanical work from pressure: the reciprocating engine and 
the rotary* engine. 

Recipe eataig Engine . 

The reciprocating-engine encloses the high pressure gas in a cylinder in 
which there is a movable piston (Figure 3). The pressure pushes against the 
top of the piston and forces it downward. The piston is attached to a crank- 
shaft with a connecting rod. The connecting point on the crankshaft is offset 
from the center line of the shaft, 
thus allowing the shaft to turh as 
the piston goes up and down. The 
reciprocating-engine converts ther- 
mal energy into linear motion, which 
is'then converted to rotary motion,. 

Reciprocating engines are the 
oldest of the two types of internal 
combustion, engines.- As such, a 
large amount of time and money has 
been spent in perfecting' them and 
jjijnaking them more sophisticated". 
However, because linear motion has 
to be transformed- to rotational 
motion in these types of engines, 
they are fairly complicated, have 
a large number of internal parts, 
and depend heavily on th'etn lubri- ✓ _ 
cation and rooling systems for 
efficiency. A more repeat design t 

for internal aJrtibustiort engines has been made available by the introduction of 
the /otary engine. 



INTAKE VALVE 




CRANKSHAFT 



Figure 3. ''Schematic of a 
Reciprocating Engine. 
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RotaAy Engine , * 

T 

The rotary engine omits the linear motion step in producing mechanical 
energy from thermal energy. The most common rotary engine .is the turbine; how- 
ever, in recent years, the Wankel spark-ignition rotary engine was developed 

foV use in the automotive field. This ro- 
tary engine 'uses a "rotating" piston to pro 
duce rotary motion (Figure 4). This piston 
is connected directly to the output shaft, 
of the engine, thus eliminating the correct 
ing rod. The- piston has seals at it* three 
corners that divide the combustion chamber 
into three distinct sections. Thus, the 
engine caji simultaneously be taking in and 
compressing a fuel-air mixture; burning a 
second, already-compressed mixture; and 
exhausting a third, completely burned gas. 
Since there are no oscillating pistons that require rapid^hange of directions, 
the engine can operate at higher speeds of rotation than reciprocating engines. 
The major problems with rotary engines in recent years involve their excessive 
fuel consumption and exhaust pollution. 




PISTON 

CYLINDER 
.WALL 

EXHAUST 
PORT 



INTAKE 
PORT 



Figure 4. Rotary Engine. 



TYPE OF MECHANICAL CVCLE 

Reciprocating internal combustion engines are classified according to 
their mechanical cycles. Mechanical cycle refers to- the entire prbcess of-pro- 
ducing power from combustion. This process H as follows: (1) air, or a fuel- 
air mixture, is brought into the combustion chamber and compressed; '(2)' combus- 
tion occurs and power is transmitted to the, piston; and (3) the spent gaSes are 

exhausted from the cylinder* These functions can be done either with one revo- 

"* * . \ • 

lution of the crankshaft and tjto strokes of the piston* (up and back down) or • 

with two revolutions of the crankshaft and four strokes of .the piston. Each of 

.these mechanical cycles is discussed in more*'detail in, the following paragraphs. 
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Tm-StAjokz Cycle. , * , 

The 'two-stroke cycle generates one power stroke for'i^h revolution of the 
crankshaft (Figure 5). Since diesel fuel is .frequently used with the type of 
engine that uses this mechanical cycle, the two-stroke diesel .engine will be 
discussed. In a two-stroke diesel engine, intake and exhaust valves are not 
used. Instead, the movement of air and exhaust gases occur. throu gh ports, or ; 
openings, in the cylinder walls. At the beginning of the first stroke, the 




(Plitoo •« Bottom " >, »' on • fTol > 

0*«d C*nltt> °** a C^"**' 



Figure 5. Two-Stroke Cycle: — One-Power 
Stroke Out of Each Revoltuion. 




exhaust and transfer ports are open, allowing spent gases of the previous 
stroke to exhaust on one side of the cylinder and fresh air to enter the cylin- 
der from the crankcase through the transfer port (Figure 5a)'. In the. two- 
stroke engine, the piston head is designed to channel air, flow within. the cyl- 
inder to keep air and sRent gases moving in, the proper direction. On the com- 
pression stroke (Figure 5b), the piston rises in the cylinder, compressing the 
air and causing the rising piston' to seal both the cylinder and the crankcase. 
As the piston compresses the air in the cylinder, it also causes a partial vac- 
uum in the crankcase. Before the piston reaches top dead center (TDC), fuel- 
infection Starts. The third, or expansion 'stroke -(Figure 5c), begins with fuel 
.combustion already in progress. With the piston at TDC, the crankcase inlet 
port is open, allowing outside air. to be sucked fhto -the -crankcase. With fuel 
'combustion occurring,, the piston Is 'forced downward, sealing the crankcase-, 
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inlet port. As it moves further down toward bottom dead center (BDC), it opens 
/ the exhaust pd(rt (Figure 5d), allowing the exhaust gases to be pushed from the 

high pressure aVea in the cylinder to the lower pressure outside the cylinder. 

As the piston reaches BDC (Figure 5a), the transfer, port is opened and the 
^cylc£ is complete. All of these functions - air intake, compression; expansion, 
-a nd exhaust— Tare performed in one revol u tion Qf the era qks ha f t . • 



Although the two-stoke cycle engine is not as popular as the four-stroke 
cycle engine, it is used where high power is needed in a smaller engine. Two- 
stroke cycle diesel engines are used in a variety of small generators and in 
off-road vehicles- such as earth moving equipment. Two-stroke cycle gasolinfe 
(spark-ignition) engines are used in such items as lawn mowers, motorcycles, 
and chain saws. 



FouA-S&iokz Cycle. t 

. « * 

In the four-stroke cycle, the mechanical cyqheis completed in feur 
strokes of the piston or two revolutions of the cranksha^L^Figure 6). Since 
the four-stroke gasoline engine is the one most often used, iVwIll be the one 
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-Figure 6. Four-Stroke Cycle: One Power Stroke 
Out of Two Revolutions. 



di-scussed. ^ the first, or air intake stroke (Figure 6a"), the intake valve 
is opened and the downward motion of the piston creates a low pressure area in 
the cylinder, thus sucking ,the fuel-air mixture into the cylinder from the 
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intake manifold. At the end of tfle first stroke and the begiWling'af .the sec- 
ond (compression stroke), the intake valve is closed and the piston fslat BDC. 
During compression (Figure 6b), the piston moves upward, compressing tfte 
trapped fuel -afr mixture ''inside' the cylinder. This heats the air into a super- 
heated condition (approximately J000°F). As the piston reaches fl^end of the < 
stroke, a spark is introduced \nto the cylinder. At the end of the second 
stroke /the crankshaft has made\ne complete revolution. The third, op expan- 
sion stroke (Figure 6c), starts wrfch the piston at TDC and the combustion of 
the fuel-air mixture already in progress. During this stroke, the burning gas 
expands, pushing the piston down and creating a turning fprce on the crankshaft 
through the connecting rod. At the begYgfcihg of stroke four, the exhaust 
stroke (Figure 6d), the piston* is again alN&QC. The exhaust valve is opened 
and the piston mofles upward, carried by the momehl^fff^ the crankshaft. This 
.movement forces the spent gases out of the cylinder thrtfOTjn the open exhaust 
valve. The stroke f inishes 'withrthfe piston at TDC. The four-stroke cycle is 
completed after two complete revolutions of the crankshaft. . 

The four-stroke cycle is typically used in larger,' muTtiple-rcylinder en- 
gines. Although these engines generally are more efficient'in fuel consumption 
and smoother during operation, .they are more complicated and bulkier than their 
two-stoke counterparts. Automotive vehicles use the four-stroke cycle -almost 
exclusively*. 



TYPE 0? C00L1MG SYSTEM ' 

r 

EngTftfc-^^ upon converting 

thermal energy into mechanical energy. If an 
engine were 100% efficient, all of the th€r- 
mal energy would be converted 7 into useful 
power. In* reality, however, only about one- 
fourth of the thermal energy is used to pro- 
duce power (Figure 7). The rest^s lost 
through friction of engine parts, 'heat in 
exhaust gases, or heat .conduction to parts of 
the engines. The energy that is transmitted 
to the engine parts must be removed or the t 
temperatures inside the engine could reach 
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Figure 7, £nergy Utilization 
- in an Engine.* 
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2000°F. Temperatures in this range would break down lubricating oil and danjage 
the engine. Two major methods are used to cool internal combustion engines: 
water cooling and air cooling. 

W<Uqa Cooting Syttem 

- -Water cooling systems for internal combustion engines are segregated into 
open or closed systems. In the open water cooling system, water passes through 
the water jackets inside the engine and is returned to a river, lake, oceanjM>r 
central reservoir. It can also be returned to a cooling tower or a spray pc(nd 
where it is cooled for reuse. Open water cooing systems are mainly used to 
cool stationary diesel power plants.; 

In the closed water cooling system, the same coolant is contiguously recir- 
culated through the engine water jackets by a water pump. The water jackets 
^ +r surround the cylinders in the^en- 

gine block and are adjacent to 
valves in the engine head (Figure 
3). The coolant continues to cir- 
culate through the engine until it 
reaches a c4*£ain temperature, at 
which time a thermostat opens and 
the,cool£pt circulates through a 
radiator (Figure 8) where -^re- 
leases tieat energy to, the air. 

The thermostat, located on the 
engine , block, controls the flow of 
. • the cooling liquid to the radiator. 
When the engine is started, the thermostat blocks the flow to the radiator and 
keeps the coolant emulating Jthrough the engine only, this rapidly raises the 
temperature of the coolant. .At some preset temperature, the thermostat opens" 

and allows flow to' the radiator, thus allowing coeling to occur. ^ 
. \ ** * 

When an engine is started in cold temperatures, its thermal efficiency is 
■* * » * 

low. The reduced efficiency is caused by the following: condensation of fuel- 

on - cold cylinder walls, excess heat transfer from the combustion chamber to the 

* « *> 

cylinder w*lls, and increased viscosity of cold lubricating oil. Thus, the 
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Figure 8. Radiator. 
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thermostat is essentia] to increased Efficiency. The thermostat is designed to 
open and to allow cooling to take pWe at some prescribed temperature, a ^em^ 
perature which should be as cl^se'llsjbossible to the operating limits of the 
fuel and oil. Hotter runnirra englp^s, which are generally' tighter due to ther- 
mal expansion of internal parted suffer less* compression losses. 

— _■ Coolant^ another critical part of the-caolijig^^tenL SoiqaJ tquid-cooled 

engines use water; however, most engine manufacturers recommend using "some other 
liquid, such as ethylene glycol (antifreeze), which heats up more quickly, 
al.lows the engine to reach its normal operating temperature faster, and st i^ 
provides protection from overheating ,in hot weather. 

Koi Cooting Sy6£zm6 ' - >^ 

Air cooling is, primarily used on small engines. Air is used as'tyi^heat 
exchan^f medium and is routed around the outside of the cylinder waif by cool- 
ing fins. Size and spacing of the fins'are dependent on the amount of heat to . 
be disbursed, as are the material of which the fins are made, the^spacfhg or 
pitch of the fins, the^diameter of the cylinder, and tthe speed ancj-temperature 
of the cooling air. *%\ 'aif.-cooled system reduces engrne weight by about >0% 
and maWs the ^lgine moj^e compact. Wear rate on engine p^s compares favorably 



wTth that of water-<Toolfed syst~em57^rrd~mainte nance casts are somewhair^ess^due- 
to the fewer number of Roving pajjts. However, air-cooled engines ari^normaTly 
lortger and noisier than- their* water-cooled counterparts. 

r 

ARRAWGEME/JT OF CVLlhtVEZS ^ ^ 

Reciprocating . internal .combustion engines usually have 1, 2, 4,^ 6, 8, 12, 

or 16 cylinders. The number of cylinders varies ( with engine size, type, and 

appl i cation. o ^ * * 

Just as there are engines of different cylinder numbers, there are also 

various cylinder Configurations. The overriding factor in choosing a cylinder 

configuration is to design an engine to optimize or fit a 'particular space. 

The following cylinder arrangements are used in internal combustion engines: 

• In-line 

• V-type ~* ^ 

• Opposed / * - * ♦ 

• Radial / 1 
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Zn-lOnz Cy&ind&i ConfcguwuUon I ^ 

' . : / 

As many as 16 cylinders can be placed in line. However, this number of 
cylinders is an upper limit tiue to crankshaft stress and vibration of longer 
engine designs. Advantages of in-line, design include mechanical, simplicity 
and ease of maintenance. The in-line six-cylinder engine is very popular in 
the' automotive field,. 'In-line engines; in excess of si* cylinders offer disad- 
vantages such as (1) being excessively long i a comparison to their other dimen- 
sions and (£) experiencing excessive crankshaft vibration. Yet, despite these 
factors, in-line engines with as many as 12. cylinders are still used for large 
ships, -primarily because" their sbape fits well into hull design. • 



V-Typ£ Cytindtn. Con&iguAcution 

Another popular cylinder arrangement in automotive engines is the V-type 
engine (Figure 9). (To classify as a V-type engine, the axes of the two banks 

of cylinders must make an angle with each other 
of less 1jhan 180°.) Length in these engines is 
reduced by almost half in comparison with in- 
line engijnes. V-type engines have advantages^of 
having excellent balance and reduced vibration. 
Because the engine is.shorter than the in-line 
engine, ijt fits reasonably well in smaller auto- 
motive engine spaces. This cylinder configura- 
• tion was introduced in the 1930s with the popular 
flathaari^M} engine. However, the automotive 
industry Jhas since produced V-6 and even V-4 
engines in an effort to reduce fuel consumption and to make smaller engine ? 
packages. * 'I * ■ 




Figure 9. V-Type Engine. 



Oppotzd CyttndeA ConfcguAatiovi 

Cylinders can be^rranged so^that jthey are opposite from one another. 



When they are arranged in this fashion, 



the engine is considered to be an 
opposed cylinder engine (Figure ID). This cylinder configuration lends itself 



\ 
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we]l to air cooling since there is space for 

y cooling fins around the cylinder. * It 
k is generally used in smaller aircraft; how- 
ever, the automotive industry has also used 

e opposed cylinder, air-co6led engine 
(Volkswagen beetle). 



Ra. 




Figure ft). Opposed Cylinder 
Engine. 



CyZLndoA Confiigu/icutLon 

A lesser used, but still important, cylinder configuration is the radial 
engine, in which all the cylinders are arranged radially around the axis of the 
crankshaft. .This type of engine is easily air cooled and is convenient for 
servicing. Because it gives the lowest unit weight per cylinder displacement, 
it is mainly used for larger aircraft. 



c 
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COMPONENTS OF AM INTERNAL COMBUSTION ENGINE 

* 

The most common typ^e of combustion engine is* the reciprocating internal 
combustion engine, using either gasoline or difcsel fuel. This type of engine 
-<has the following major components: 

Cylinder block * 
Cylinder .head 

Manifolds (intake and exhaust) 

Valve train < • ' 

Piston and connecting rod assembly 
Crankshaft assembly 

* 

CVLlftDER BLOCK 

i ° ' 

The cylinder block is the basic framework of a combustion engine (Figure 

11). All other parts are either assembled within it or attached to it. In the 

block are holes, or cylinders, in which the pistons move, fn addition, inside 

the block are passages for cooling water (in water-cooled engines) or fins that 

help* dissipate heat (in airrcooled engines). Jhe block is normally made from 

cast iron, a cast iron alloy, or aluminum. 1 1 
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Figure 11. V-6 Cylinder 
Block. ■ 



CYLINDER HEAD 

The cylinder head is another stationary part of the engine; it is bolted 
to the block to form a "cap/ 1 over the cylinder. There is a head for each bank 
r oVcyli riders. In-line cyVlnder configuration engines have only, one bank (since 
all of 'the cylinders are grouped together) and, thus, have only one head.^For 
a V-type engine, there are two headfc. Racial engines do not have cylinders 

o 

that are grouped together; therefore, they regyice^ a head for each cylinder. 

The head contains combustion chambers-Tval ve ports, spark plug or fuel 
nozzle holes, coolant passages, and passages 'that connect the valves to the 
manifolds. Because it must withstand the same* heat and pressure as the block, 
/the cylinder head is normal ^constructed o£ the same metal. 

Before the head is bolted tor the bloc(^a gasket is placed between these 
two parts to form a gastight seal. This gasket, called the head gasket, is 
made of tetrneplated sheet steel which covers asbestos board or *heet steel. If 
*the gastiijht se*al is broken, the engine loses compression and pof/er. Fuel con- 
sumption also 'increases. Normally, head gasket leaks make the engine exhaust 
v "pop" -because of the improper seal on the exhaust *valve. In addition, oil drop- 
lets can be'seen rn the coolant in the radiator, and water droplets show up on 
the oil. Head gasket lea'ks can only be corrected by replacing the head gasket. 
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MMIFOLOS 



There aj*e two types of engine manifolds: intake and exhaust. Intake man- 
ifolds bolt to the head of the engine and must route air or a fuel-air mixture 
to the combustion chamber. In a diesel engine, only^fil tered a,ir flows through 
theintake manifold; in the spark-ignition engine, a fuel-air mixture must be^ 
routed. In a spark-ignition engine, the carburetor is mounted on top of the 
manifold. The carburetor (discussed later -tn the module) meters the fuel so 
that the proper fueT-^air rfitio i$ provided to the engine. The intake manifold 
then delivers the mixture to the cylinders to produce combustion.^ 

The exhaust manifold provides the means of removing the exhaust gases from 

- the engine. It connects to the exhaust ports in the cylinder head and routes 
the exhaust to the exhaust pipe. One of the most impor tan t facto rs in exhaust 
manifold design is that, by minimizing back pressure, it increases engine effi- 
ciency. A special method to increase the efficiency of exhaust manifolds is 
called exhaust turning. This method is accomplished by selecting the proper 

* K lengthy of exhaust pipe to reduce the back pressure in the exhaust system. J 



VALVE TRAIN 
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VALVE 
SPRING 



A valve train (Figure 12) is used to open and close the intake and exhaust 
valves at the propef'time in the mechanical cycle of internal combustion engines 
The valve train consists of the following 
parts: 

• Camshaft 

• Tappet (vfelve lifters) 

• Push rod 

• Rocker arm assembly* 

• Valve springs 

• Valves 

There are two valves for each cylinder*, one 
intake and one exhaust valve. They work as 
a pajr and are tirtied for maximum efficiency. 
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Figure 12. Valve Train. 
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Camha^t 

The camshaft (Figure 13) is used to force open the valves. In conventional 
combustion engines, the camshaft is n^upted in the crankcase and is geSr driven. 

As the camshaft rotates, the cam lobes 4 turn. 
By their shape, they apply force to the re- 
maining parts of the valve train. Camshafts 
. "are usually forgings, that is, machined out 
of a metal bar;, but in some cases they are 




VSs KEY 

Figure 13 



CAMLOBE8 



Camshaft of a V-8 
Engine. 



castings, that is, formed in the final shape 

4 



when the liquid metal, is poured. To reduce 
s^ear, the cam" surface is hardened. 



TappU [Vatvz ULfc&i) 



Resting tiir the cam lobe is the tappet, or valve lifter. As the cam lobes 
rotate, they force the valve Jifter up, thus changing the rotary motion of the 
camshaft into a reciprocating mot ton that opens the valves. As the cpi contin- 
ues to rotate past its raised surface, the valve spring forces the tappet down, 
thus holding it against the cam surface. 

Pu6k Rod 

a 

In a conventional engine, the valve lifter, or tappetr is connected* to^a 
'push rod.- The function of the push rod is to transmit the reciprocating motion 
of the valve .lifter" to 'one end of the rocker arm assembly. Overhead cam engineT 
eliminate the need for push rods. 




Rocket Mm A66mbly 

The rocker arm assembly (F?p?^<[3J^e+^nges the direction af the motion 
of the push rod and transmits it to the values. The rocker arms oscillate 
through small angles about the rockdr arm shaft.. A rocker arm usually operates 
only one valve, but it can operate two valves<by using a bridge, as shown in 
Figure 14. V * 
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Figure 14. Push Rod, Rocker 
Arm, and Bridge for Actuating 
Two Valves. 
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VcdLvd SpsUng* 

In order tcTplose the engine valves 'after they are^op^ned and to keep the 
* valve lifter rWing on the camshaft, valve springs are provided. These springs 
are^made of a special alloy steel to withstand Ji£at, corrosion, and continued 
flexing. y " 
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ValvQA 

The las»t parts of the vMve train assembly are the valves (Figure 15). 
J Each cylinder has two vaKes: intake and exhaust. Valves perform two func- 
tions. First, they/0f>en and allow gases in and out of the cylinder. Second, 
they form o a gasjtfght seal during the compression 
and power A^okes* Values attach to the rocker arm 
assembly^and ride in valve .guides, ^which limit their 
lateral motion.. Both intake and exhaust valves are 
-Exposed to high temperatures of combustion - which' 
range from 1200° to 1500° ir^ spark-ignition engines 
and to 2000°F in diesel engines. To withstand these 
temperatures, they are normally constructed of steel 
alloy. 

If valves do not .form a gastight seal-, the en- 
gines lose compression and, thus," power. Leaks 
aroun^ the exhaust valve allow unburned fuel to be 
emitted from the enginel^ Therefore, the valves 
must be adjusted to seat properly. 
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Figure 15. Valve. 
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PISTON AND CONNECTING JlOV ASSEMBLE 

The piston and connecting rod assembly (Figure 16), along with the crank- 
shaft assembly, actually converts the. thermal energy of combustion in the cyl- 
inder to mechanical energy at the output shaft of the engine. 
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Figure 16.' Exploded View of 
Piston and Connecting Rod 1 
Assembly. 



Pistons and their ring* seal the cylin- 
der and transmit gas pressure to the connect- 
ing rod. A piston normally has three or four 
rings mounted in grooves on the outside of 
the piston. The top two rings, called com- 
pression rings, forn^a gastight seal around 
the sides of the piston. One or two oil con- 
trol rings are mounted below the compression 
rings. These rings scrape a^controlled 
amount of oil from the cylinder wall and re- 
turn it to the center of the piston or the 
<^rankcase. Piston rigns are normally con- 
structed of gray cast iron. 

Pistons convert thermal energy to recip- 
rocating mechanical energy in th&^cylinder. 
They are ^subjected to severe heat and pres- * 
sures, as well as extreme inertia? forces, as 
they are accelerated, and decelerated in ttie 
cylinder. Pistons are normally constructed 
of aluminum or alloyed ca$t *1ro>u Aluminum 
has several advantages over cast iron. First, 
it has excellent heat conductivity, thus mak- 
ing it* easier to cool. Second, it is light- 
weight, thus reducing the load on the bear- 
ings and the crankshaft. 
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Connecting Rod 

The connecting rod is attached to the piston with a piston pin. At its 
other; end, it is connected to the cranksAft by a combination of a bearing 
she^l, bearing cap, nuts, and bolts. Th^onnecting rod converts the recipro- 
cating motion of the "piston to the rotating motion of the crankshaft. Thus, 
the end of the connecting rod that attaches to the piston has an up-and-down* 
motion, whereas the end attached to the crankshaft has a circular motion. It 
is either being pushed or pulled at all times; therefore, it i*s subjected to 
alternating compression and "tension loads. To withstand these loads, connect- 
ing rods are normally made of medium or alloy steel by the drop forge^ method. 

» * •> * 

The bearing is the part of the connecting rod that is subjected to the 

most;- wear. For this reason, proper lubrication of the bearing- is important. 

When bearings wear out, the engine is subject to excessive vibration and power 

loss. Replacirfij connecting rod bearings is a difficult procedure normally 

accomplished by an experienced a^chanic during a major engine overhaul. 

CRANKSHAFT ASSEMBLY 

A crankshaft assembly has two major parts: the crankshaft itself and the 
flywheel , 



The crankshaft (Figure 17) is a rotating member of the engine proper and 
is supported by main bearings.' On smaller engines, the main, bearings are 

* located on each end of the crankshaft. On 
larger engines, main bearings are also lo- 
cated at intermediate points along the 
crankshaft. The connecting rods connect 

^tp^the offset points, on the crankshaft. 
These points are called throws. The,, number 
and arrangement of the throws along the 
crankshaft is determi ned. by the number of 
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Figure 17. Crankshaft. 
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cylinders and the desired firing order. ^Figure 18 shows th§ different config- 
urations for different engines . Crankshafts are .balanced with counterweights 
to more evenly distribute the forces operating on the shaft. Crankshafts are 
normally forged or cast out of medium carbon steel. 







d. 5-Cyllodtr irHint Engln* 



Figure 18. Crankshaft Configurations for 
♦ 4 Various Types of Engines. 

F&Ljwhzzi */ 

The flywheel is a' heavy disc attached to the rear of the crankshaft. It 
has two functions: % * . 

1. - It controls the speed fluctuations of the crankshaft. Without it, the 

engine would run roughly. 

2. Using the outside edge .of the flywheel (normally called the ring gear), 
it gives, the starter the capability of rotating the crankshaft in order 
to start the engine. _ - 

: 

ENGINE LUBRICATION SYSTEMS ^ — 

The gob of an engine's lubrication system is to reduce friction, to aid 
in cooling engine parts, and to keep engine parts clean. -Several systems have 
been devised to perform the job of Judication, such a's the folTowing: 
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• Splash system 

• Barrel -type pump system 

• Oil slinger system 

• Pressure-feed system 



SPLASH SYSTEM 



\ 



The splash system (Figure 19) uses a dipper 
.on the end of the connecting rod tt^scoop up oif 
'from the crankcase and to sling vt into the en- 
gine bearings and cylinder walls. 



BARREL-TYPE PUMP SySTEM 

The barrel-type lubrication system (Figure 
20) "is a second type of system. It uses a pump- 
driveh by the camshaft of the engine. "The pump 
draws oil intp its central passage on its intake 
stroke and discharges it onto engine -parts on* 
the compression stroke. 




Figure 19.. Splash 
Lubrication .System. 




c. CuUwty Vtaw 



Figure 20. Barrel -Type 
Lubrication Pump. 



OIL SLINGER 'SYSTEM • - . 

Ah oil ^linger is" used on some Briggs and Stratton engines. The slinger 
is partially submerged in the oil supply in the crankshaft. As the engine 
operates, a cam ge.ar turns the slinger, tnus "providing lubrication to engine # 
parts. ■ *' ■ / j* 
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The most effective lubrication system, -the one used in most larger engines, 
is the pressure-feed system. System parts include a pump for oil storage, a 
pump to supply pressure, ar^oil cooler'to remove excess' heat from the oil, and 
il conditioning equipment to remove impurities from the oil. Each of these 
parts will be dj^cujsed in detail in the following paragraphs. 

Ail Pan ^ 

The oil pan at the bottom of the crankcase performs two functfons. First, 
it acts as a pump, or reservoir, for the oil. Second, it performs the function 
of a heat exchanger. Air that flows through the crankcase absorbs some of the 
heat of the oil as the air flows over the oil supply. The outer side of' the 



pan is exposed to the environment. Heat ufcn 
the atmosphere. 



sfer occurs through the, pan into 
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Oil Pump 

The most important part of the lubrication, system is the oil pump. In t > 
automotive engines, two types of pumps are used: the gear-type and the rotor- 
type 1 ' (Figures 21a and 21b). The gear-type pump makes use of a pair of -meshing 
gears to fqrce oil out through the outlet. The rotor-type pump has an inner 

and q^jter rotor. As 
the lobes of the inner" 

© 

rotor move into spaces in 
in the outer rotor, oil 
is squeezed through the 
outlet. These putjips 
force oil through oil 
• through oil -linesjto 
various part of the engine. 




O«0r-Typ« 




t>. Rotor-Typ« 



Figiflie 21. Oil Pumps, 



Oil FiUeA 

As the oil moves through^. the engine, it picks up dirt, carbon, and small 

.pieces of metal. The Oil filter performs the function \of removing these impu- 
rities from the oil. The following are the tfiree types of filtration systems: 

' ! . 
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The oil is returned to the crankcase 



TO BEARINGS 




Figure 22. Full -Flow, Oil Filter. 



* By-pass filter 
* c Shunt filter 

• Full -flow filter * 

In a by-pass filter, only a portion t>f the oil supplied by the pump to the 
engine bearings $oes through the filter, 
after filtration. In a shunt-type oil - 
filter, only a portion of the oil is 
filtered, as in the by-pass system. 
HOwever, in a shunt system, the fil- 
tered oil is delivered to the engine 
gearings rather than returned to the 
crankcase. In the full-flow oil fil- 
ter system (Figure 22], the oil filter 
cleans the entire volume of oil as it 
passes from the pump to the bearings. 
This latter system is the most ef fee- ) 
tive filtration system of the three 
because it filters all of the oil 
-before it reaches the bearings- It is 
the' one used in most automotive engines, 

" V A3 with coaling systems, combustion engines are heavily detandent on their 
lubrication systems to operate properly. If^er^ is a malfunctlpn in the sys- 
tem, the engine wi]t overheat and, possibly, will stop running completely. In 
addition, proper lubrication system operation can minimize engine wear by re- 
ducing friction. 

Because oil pressure is important to engine operation, most engirfes have 
gauges that monitor oil pressure inside the engine. These gauges are normally 
calibrated with just high and low readings. If the gauge indicates a low read- 
ing, the engine should be stopped immediately to prevent damage to the engine, 
and the. problem should be corrected before the engine is restarted. • , 

Engine oil level. should be checked periodically and/or during scheduled 
maintenance activities. -In order # to prevent an incorrect reading of the oil 
level, the engine should be stopped ^while the level is being checked. Engine 
oil and oil filters should be checked oh a regular basis since extended -use of 
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the same oil and filter can result j>V clogged filter or a breakdown of the 
lubricating capability of the oft. The proper weight of oil should be used to 
achieve maximum engine efficiency. - 



FUEL SYSTEMS ' 

Fuel systems for internaTcombustion engines are divided into two groups^ 
(1J compression-ignition engines, which can only use fuel injection and (2) 
spark-ignition engines, which can use either, fuel injection or carburetion. 
Both of these systems will be discussed in detail in the following paragraphs. 



FUEL INJECTION 

The diesel fuel system employs fuel injection to introduce fuel into the 
cylinder. The fuel injection^system must perform the following five essential 
tasks: 

• Deliver fuel from storage to the fuel nozzle 

• Raise fuel pressure to the^level needed^ for atomization 

• Measure and control the amount of fuel injected during each cycle 

• Control the time of injection^ 

• Spray fuel into the cylinder in an atomized form for mixing and burning 
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TijptA oh Injection System 

Pumps and nozzles form the basic elements of every fuel injection system. 
They monitor the fuel, raise the fuel's pressure, and spray the fuel into the 
cylinder at the right time* These elements are combined in many ways,*but most 
diesel fuel systems fall into the fol lowing. jfour categories: 

• Qommon rail • O 

• Pump injection 

• Distributor 

• Unit injection 

Common-rail* systems (Figure 23) feature a control led pressure pump that 



takes the fuel from the 
The fuel under pressun 
lines to eacj^cylind 

Page 26/EP-05 




and places it under a constant pressure, 
n accumulator which is joined with fuel 
enters the fuel line, it goes to a pressure 
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Figure 23. Common-Rail Fuel 
Injectioix^ystem. 



relief and timing valve whicfumeasures and 
controls the injection time. This opera- 
tion is performed by means of a control 
level that .rides on a 'camshaft. As the cam 
rotates, it depresses the control level^nd 
opens the pressure relief and timing vailte 
$£&-all.ow 'the right amount of fuel under 
pressure to pass on through the system ttf* 
the spray valve. The spray valve then 
pushes the fuel through the nozzle and 
into the cylinder in an atomized form, a m 
The common-rail system is not well • ^ 

adapted for small bore,, high-speed engines, % as it is difficult to accurately 
control the small quantity of fuel injected at each power-strofe^ However, it 
works, well in large diesel engines such as thosf used in^t^tio^iry >6v^er gen 
eration plants. ^ 4 x 

Pump-injection systems (Figure 24) » 
depend Heavily ^pn a pump to carry out the n n q n ^ 

bulk of the controlling and metering job. 
The pump is responsible for taking the^fuel 
from the fuel tank, pressurizing it, and 
then metering it out through the fuel.tjjjes 
to the nozzles where it is injected into 
the individual cylinders. 

Pump-injection systems must be capable 
of producing h^gh, pressures and measuring 
small quantifies of fuel with a high degree Figure 24. 
of precision. Most operate with a constant 
stroke, although variable-stroke pumps are 
available*. 
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Figure 25. Distributor Fuel 
Injection System. 4 




■ Distributor pumps (Figure 25) meter 
fuel at a central point and then direct > 
it to tjie cylinders in the proper order. 
This -process is accomplished by using a 
metering and pressure pump, which meaures 
. ahd pressurizes the 'fuel and sends the , 
metered fuel to a distribtitor. The dis- 
trijbutor - usually cam-actuated - then 
sends the fuel to the proper cylinder for 
injection. The metering pump is desigr^d 
^ so that the quantity of fuel sent to tM * 
1 distributor can- be adjusted by the engine 
governor. Although this type of fuel in- 
jection system is still in use, it has 
largely been superseded on newer engines. 
The unit-injection systems (Figure 



,26) 



combine pump, fuel valve, and r\ozzle 
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ill a single housing, thus eliminating the 
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Figurje 26. ' JJnitrlnjection Fuel 
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use of high pressure fuel lines. As the 

fuel enters the injector through the fuel 

line, it enters into a supply chamber in 

the' center of the unit. The motion of 

thel injector rocker* arm moves a Rlunger 

downward at one end' of the supply 'chamber. 

The pressure of the plunger moving dawn through the supply. chamber meters the 

fuel and pressurizes it. The -pressure activates a needle valve, allowing the 

fuel to t>e\forced through an orifice and into the cylinder as atomized 'fuel . 

Unit- infection systems greatly reduce the distance between the pump and the 

iioz^e^ making, them useful -.in small , o high- ; speed engines. 

V** * ^EMF^^the^four fuel systems has a number ofWalves and one nozzle per 

-1^Tlri®rV\^3^valves and nozzles open and close passage to cylinder? space and 

^^of<5e^m'gh pressure diesel fue pinto a spray with a desired .pattern. Typical 
^ ; • I * * * i 

. c<^on-raTT inject ion systems .are mechanically-operated needle valvgs. A 

spring holds thf valv.e closed. a:gatn5t fuel pressure (nornicrtyly 5000 to 8000* psi^) 
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until the rocker^ actuated by push rods from the camshaft, lifjts the valve in 
proportion to the amount and duration of the injection needed. 



Wozz£e6 

Most fuel valves consist of a nozzle holder, or body., that contains the 
valve mechanism and a nozzle tip that atomizes the fuel. The nozzle and holder 
are designed to carry the high pressure fuel from the fuel line through the 
cylinder heat into the combustion chamber, v The ftlel is delivered as a fine 
spray by th§ nozzle tip. Nozzle tips can be ^divided into the following three 
.categories: . • ' 

• Single-hole nozzles 

• Multiple-hole nozzles 

$ • Pintle nozzles . # 

Single-hole nozzles (Figure 27) offer the advantages of a faiVty Urge 
opening, even i# small, high-speed engines - which usually means fewer flogging 
problems. Efficient fuel * £ 

filtration 4s less* of a 
problem with this type of 
nozzle. Multiple-hole noz- 
zles are designed to dis- 
tribute fuel spray to all 
parts of a wide, shallow / 
chamber. The. more spray 
openings built into the de- 
sign,* the smaller each open- 
ing becomes - a fact which 
makes keeping the fuel clean * 
a critical factor. Either 
type of- nozzle is used t& 
produce, a spray of uniform 4 
and compact pattern* 
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Figure 27. Single-or Multiple-Hole Nozzles. 



Pintle nozzles are' fitted with -tips that are shaped to form the sprav ^ 

pattern desired. By shaping' tine tip, spray patterns can range from a hollow, . 

cylindrical jet of fuel to a jtapered spray with an angle up ItO about 60°. 
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CARBURETION 



Most spark-ignition engines introduce a fuel-air mixture into the cylinder 
for combustion. Thus, the fuel system on this type of engine -must bring the 
fuel* from the fuel^ tank, and it must vaporize ij, mix it with an air supply, 
and move it into the intake manifold for delivery to the cylinder. To. accom- 
plish these tasks, the^ spark-ignition engine fuel system has the following ' i% 
parts: ^ * - % 

• Fuel pump -J 

• Fuel filt^p/ 

• Air cleaner , 

• Carburetor 

• Fuel tank 

• Fuel lines 



Fu&l, Pump 

The fuel (>upp (Figure 28) performs the function of' keeping a constant 
supply of gasoline flowing to the carburetor. As shown in Figure 28, the fuel 
pump is cam-actuated. As the cam turns, the pump arm moves up and down. The 




V 
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Figure 28. Typical Gasoline Fuel+Ptyiip. 



arm, in turn, "moves a diaphragm up^nd down in the bottom of the pump. As- the* 
diaphragm moves down, a val^e on the right side of the pump opens to allow fuel, 
into the bottom chamber (Figure 28a-)-. As the diaphragm returns to, t[ie UP posi- 
tion,, it ^closes the- valve. The movement o^ the diaphragm* also fojrjce& the fuel 
that is in the- bottom chamber to go through the° center vaTve and into the out- 
let to the carburetor (Figure 28bJ.^, 



Most spark-ignition engines-have a ^el filter between the fuel pump and 
the carburetor. These filters contain a^fcuje \spreen to filter out impurities 
in the gasoline. Some fuel systems yrflso use W in-tank filter, which is nothing 
more than a screen placed over the fuel outlet; of the tank/ 



Avi C&ZCWZA 



As the fuel^ is being filtered and pumped to the carburetor (the other 

element of the combustible mixture), air is being cleaned ( -a task whfch is 

accomplished by the air cleaner. The" three types of air cleaners^are listed 
below arid shown in Figurp 29. . 

• Oil -wetted . c 

• Oil -bath • * . - . 

• Dry filter. . * ^ , * 

The dil-wetted cleaner (Figure 29a) has an element of metal fibers that are 
wettAwith oil. As the air 'from the atmosphere passes .through the cleaner, 
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Figure 29. Three Types of Air Cleaners. 
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the dust and small particles of dirt are caught by the oil. The oil -bath 
cleaner (Figure 29b) makes the incoming air turn a corner inside the cleaner! 
Heavi§r-than-air particles fall oyt of the air and are trapped by the oil. The 
air then passes through a metal filter to extract the dust out of the air. The' 
dry-type air cleaner (Figure 29c) uses a porous paper that allows the air to' 
pass freely but filters out the dust and dirt. After the air has. been cleaned, 
inflows into the carburetor. 



Figure 30. Insecticide 
Spray Gun. 



^The carburetor receives clean air and gasoline, mixes it to the right pro- 
portion, and supplies it to the engine. The principle of carburetion is^similar 

to the prirSciple used in a common insecticide 
spray gun '(Figure 30). In the latter, air is . 
blown over the top of a small tube, the bottom 
of which is irmiersed in a liquid. This rapidly 
moving air creates a partial vacuum in the tube, 
causing the liquid to rise in the tu^e.; As the 
liquid rises to the top, it is drawn out into 
the air stream and is atomized. 

A simple carburetor (Figure 31) works in 
^ the same way. Air is drawn 

into the air horn by the vac-* 
uum created by the piston 'npv- 
1ng downward in the cylinder. 
At the center of the* air horn 
is an area of 4 restricted space 
called a venturi. The venturi 
speeds up the air just as the 
air passes over the nozzle. ^ 
This rapid flow* of air allows 
a partial vacuum to build ifp 
inside the nozzle.. The gaso- 
. line is 'sucked, out of the car-* 

Figure 31. 'simplified Carburetor. * buretor bo ^ and ™ t(S the ' 
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nozzle;, then, 1 as it reaches the end of the nozzle, it is 'atomized. The fuel- 
air mixture then flows through-the intake manifold and into the cylinder . 

Fazi Tank 

# * 
.The fuel tank is used to store the gasoline for the fuel system. It is 
normally made of a material - such as galvanized steel - which keeps the fuel 
clean and which does not react with the organic compounds, in. the fuel. 

Fazt Line* 

• Fuel lines connect the fuel tank, fuel pump, fuel filter, and carburetor 
in the order 'listed. These lines - liks the fuel tank - must not react with g 
the fuel . 



EFFICIENCY OF FUEL SYSTEM \ 

The internal combustion engine will not operate without proper ope&Ktion 
of the fuel system. Therefore, monitoring instrumentation (other than a fu^l 
level gauge) is not required. However, the carburetor or fuel nozzle can be > 
adjusted to change the amount of fuel that. is introduced into the combustion 
chamber. Gasoline or dfesel 

\ 



fuel needs about 15 pounds * of 
air to burn one pound of fuel 
efficiently. This pro'du^es a- 
Vuel-air ratio of 15:1. " If 
the ratio is increased to 16:1 
or 17:1, the mixture is said 
to be "lean"; if it is adjusted 
'below 15:1, it is said to be> 
"rich." Figure 32 shows how 
cKanging the fuel -air ratio 
affects both power and economy." 
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Figure 32. ' Economy Vs. Power in Internal' 
Combustion 'Engines. * • 
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ELECTRICAL SYSTEM 

The electrical system of 'internal combustion engines has the t'hree follow- 
ing primary functions: , 

• Igniting the fuel-air mixture 

• Starting the engine # 

• Charging the battery 

Each one of these- functions has its own components (which will be discussed In 
detail).' However, there are two components of the electrical system that are 
in each subsystem: the)&attery and the ignition/starting switch. Rather than 

discuss these two components under each subsystem, this module will discuss ' 

< 

them in the following paragraphs. 

Bcutt&iy 

The battery is the storage facility for electrical power in internal cdm- 
bustian enginesl^rtfost automotive batteries are the lead-acfd type; however^ 
nickel -cadmioflflfotteries are also widely used. Lead-acid batteries use lead 
plates which act as positive and negative cells. The two groups of ^plat« are 
jbined to separate poles: positive and negative. The number of plates used 
Tn a battery determine the voltage of the battery; however, „ most automotive bat 
terie^are 1,2 volts. Some 6-vo'lt batteries are used in smaller internal com-' 
busti^n engines. * Another component of lead-acid batteries is electrolyte, a 
combination of sulphuric. acid and water. The acid reacts with the plates, pro- 
ducing electrical -energy. 

Nickel-cadmium batteries rely on chemical "reactions that can be reversed, 
that is, Ihe reactant? caa be changed back ta their original chemical state, 
Because of this fact, there are no by-products of the reaction* Nickel -cad 
batteries have the advantage^ oV~lon$ life (10^T5~years) however *their 
initial cost is, higher than lead-acic^ batteries 

IGHmOU/STmWG SWITCH >, 

1 ' - { 

. The ignition/startiirg switch is a simple electrical switch that has at 

teast three, and Sometimes four, positions. The OFF position disengages all 

^electrical circuits on 'the engine. Once the proper key is inserted into the 
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the switch, it can be turned to the ON and START 1 positions. To start the en- 
gine, the key is turned to the START position. This position activates- the 
Starting circuit, *al lowing tne starter to turn the engine flywheel and the ig- 
nigion circuit to allow the cylinders to fire. Once the engine is started, 
the switch is turned to the ON position, allowing the starter circuit to be 
^ctfs^gaged. J^he ignition circuit remains clos'ed, allowing the spark plugs to 
continue .to fire, and the engine to operate. A fourth position, an ACCESSORY 
position, allows accessory switches to be activated when the engine is not 
operating. Thus, accessories such as the radio and windshield. wipers cap be 
operated off of the battery power without draining the power of the battery by 
activating the other circuits. . 

itylJlQU SVSTEM 

Compression-ignition engines' fuel-air mixtures combust spontaneously due 
^ to the, high hfeat of the larger compression ratios. * However, to operate spark- 
ignition engines, some way must be found to ignite the compressed fuel-air mix- 
tures. Therefore, spark-ignition engines are provided with electrical ignition 
systems. These ignition systems (Figure 33) consist of the following parts^ 

• Coil, 

* • Distributor 

• Spark plugs . 



• 9 




Coil 

The action of the coil is' the same as that of a transformer. The coil, 
takes the voltage, that is produced by the battery - normally 12 volts - and 
transforms it to a voltage that will produce a spark across the spark gap of 
the spark plugs, approximately 24,000 volts. The coil accomplishes this re- 
quirement with two sets of internal windings: the primary and the secondary. 
The primary winding usually has 200 turns of wire, whereas the secondary has 
as many as 20,000 turns. 



Vi&trUbcuto/i 



POINTS 

J^£*^*°^^ BREAKER 
POINTS Qfftr \ „ , POINTS OPEN 



s DIRECTION 
OF ROTATION 



The^purposes of. the distributor are to open and close the primary circuit 
of the coil and to distribute the high voltage of the coil's secondary winding 
to the spark plugs in the proper sequence. 1 

To . open and close the primary 
circuit of the coil, the distributor 
uses a cam and a set of breaker 
points (Figure 34). The cam is 
geared to the engine camshaft and ' 
- v - ^turns r at the same speed as the crank 
shaft. As the distributor cam ro- 
B to«sa^ tates, a set of breaker points is 
opened and cl-osed. With the points 
closed, electrical energy gradually 
builds in the primary windings of 
the coil. As the points are forced 
open, the primary circuit is broken 

. / and the required high voltage is in- 

. * duced into the secondary windings. y 

To distribute this high* voltage of the coil's secondary winding ;tq the' 
spark plug, the distributor uses a- rotary switch consisting of * rotor and a 
cap (Figure 35). The rotor is electrically attached to the secondary winding 
of the coil and is also attached to the distributor camshaft. It rotates'as 
the engine operates; and as it turns, the tip.. of the rotor touches the elec- 
trtcat* contacts embedded in the distributor ca'p. As it touches each contact 
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Figure 34. Distributor Cam and 
Breaker Pcpnts. ( 



187 



in turn, the rotor transmits the 
high voltage to a wire leading^ 
to a spark plug. 

A condenser is pi arced be- 
tween the coil and the breaker 
points in the distributor to 
prevent arcing across jthe points, 
This -arc wpuld burn and pit the 
points and would change the 
clearance distance between them. 
Changing the clearance affects * 
the timing and causes the engine to. operate less efftcdwrtrTy: 




Figure 35. Schematise of High Voltage 
Ignition Circuit. 



r. 



Spank Plug* 



The function of the spark plug is to produce a spark in the combustion 
chamber of the engine to ignite the compressed fuel-air mixture. The high * 
voltage pul& from the^distfibutor produces an arc across the gap* between the 
center electrode of the^^Tug and the ground'electrode. Normal plug gaps vary 
from 0.12 to 0.135* inch; however, electronic-ignttion systems require a larger 
gafp of approximately 0.15 inch. 



Repo^i and Timing o& thz Ignotcon SyAtw. , , 0 J4 

The breaker points,, condenser, and rotor of the distributor are £ o*ften re- 
placed' when the engine is tuned. By removing the distributor^ap carefully,' so 
as not to dislodge the spark plug wires from the cap, one can obseVve these • ' 
items inside the distributor and remove them. The rotor is normally ^removed by 
simply lifting it off of the distributor shaft.. The points can'then be* removed 
/by unscrewing thi retaining screws. To remove the condensfer, one must first 
'unsnap the lead coming from the^coil from the lead' going to the condenser. 
Then the screws holding the. condenser in place can be removed and the condenser 
can be separated fr<5m?the distributor base. . \ ' J 

.Replacing the components is accomplished in a manner that is just the*-, 
reverse of that described above. Once the .points are- in'place, they must be * 
gapped with a ^oint gapper to the opening prescribed by the manufacturer. This 
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is normally accomplished by turning the engine over and inserting the gapper 
between the points'as the- distributor cam rotates'. Careful, attention should 
be made to ensure that the lead from th^coil to the jqondenser is disconnected; 
otherwise an electric shock will be suffered by the mechani'c. Once the points 
are gapped, the rotor^ara distributor cap can be replaced. 

Spark plugs are another component of the electrical system that is fre- 
quently replaced due to corro§ion on^electrodes . When spank plugs are replaced, 
they must.be gapped witjff a spark plug gapper (or "feeler gauge") to the speci- 
fication recommended Jfy the manufacti^rer. 

Timing of the /ghiti on, system is normally accomplish^ by rotating the 
distributor untiVtiming marks on the block and on the harmonic balancer (front 
end of the crankshaft) "are aligned. Since eng"(ne rotation precludes seeing - the 
mark on the harmonic balancer, a timing light (which is a simple stroboscope) 
is inserted between the distributor and the spark plug in the number one cylin- 
der. Inserting the tinying light in the circuit causes the light to operate at 
a specified time. By shining the light at the harmonic balancer, the timing , . 
mark can be seen. Rotating the distributor causes this mark to move in rela- 
tion to 'the mark on-the block. ^rtte the two lines ^are aligned, the engine is 
tim^d. * * . 



STARTING SVSIBl 



Small iijterrlal combustion .engines are normally hand cranked; however, 

larger engines requiVesSome type of electrfcal starting system. In addition 

-v>-^ ' to a battery and an 

p33 r 



IGNITION AND 
STARTING SWITCH 




ignition/starting 
switch, these syst&ms 
(Figure 36) consist\of 
a solenoid and a start- 
ing motor. 



STARTING MOTOR 



Figure 36. Schematic- of a typ?tt£ 4 Starring System 
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i 



The function of the solenoid is ^1) to provide the magnetic force required 
to engage the* starter'pinion gear with the^ flywheel ring gear and (2) to close 
the electrical circuit between the battery and the starter motor (Figure 37). 



PLUNGER 



SHIFT LEVER. 



SOLENOID 
ASSEMBLY 




HOUHN 



COIL 



CURRENT 
FROM3ATTERY 



SOLENOID 
SWITCH 



PINION. 



STARTING MOTOR 
a. Pinion Gear Disengaged 




.CURRENT 
TO MOTOR 



OVER-RUNNING CLUTCH 



FLYWHEEL 

b. Pinion Gear Engaged 



Figure 37. Operation of the Solenoid, 



Wheh the starter swi 



vtcj^is a 



activated, a small current flows from tte battery to 



the solenoid. The magnetic field produced by this current pulls the solenoid \ ' 
plunger into the coil , .engaging the pinion gear and closing the solenoid switch 



The starter motor is a series-d.c. motor th&t converts electrical 'energy 
into mechanical energy to turn the 'flywheel-. It must produce high, torque-in 
order to>overcome Tnertial- forces of the engine and to withstand trfgh rpm once 
the engine is started and before the starter, is disengaged. 9 In ordet^-to achieve 
the high "torque requirements, a high gear ratio of approximately 16:1 is used . 
between 'the stgrtfir pinion gear,and*^he ring gear on. the flywheel. Mprmal en- 
gine starting rf^Kt^approxiniately 200;, therefore, a, starter motor with a gear 
rati d.pf 16:1 must turn at 3200 rpiito start a* engine.* This speed represents 
problem to the starter motor. However, once the ertglne starts, it idles at 
about 800 rpm.*- this speed drives the starter motor to 12,800, rprp unless the 
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pinion gear is quickly disengaged .v^Jhus, the starter motor musiQ^ more dura- 
ble than the average electric motor in order to withstand the higher rpms. 
Most starter motors require about 350 A. « ^ 
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CHARGING SYSTEM 



The function of the charging system on internal combustion engines is to 
provide; the electrical power required to operate engine accessqries and to , 
replenish the battery's electrical power. To accomplish these functions,' the 
charging system has e the follovqn^ parts (Figure 38) in addition to the ignition/ 
'starting switch and the battery discussed previously: ^ 

• Alternator/generator 
. , • % Voltage regulator % ' 

• Ammeter " < k 



AMMETER 





BATTERY 

Figure 3&, Schematic of . a Charging System. 

The function 'of the alternator jor generator is to produce electrical power 
for operating accessories or changing the battery. Either unit is normally 
mounted on the front of the engine and is belt driven by^the crankshaft. A 
generator produces direct current; an alternator produces alternating current 
which is rectified to produce d.o. current.^ Generators have largely .been re- 
pljicedg^y alternating systems because alternators produce more electrical power 
at all 'engine speeds. This fact is especially important in the automotive - 
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field due to the incggase in electrically powered accessories and to ,the re- 
quirements of powering these accessories while^ the engine fs idling Or runm'rtfj 
at a low rpm. ' • +. w 

Voltage. Rzguiatoi \ j ^ . 

The output voltage of an alternator or generator varies with engine speed; 
but a*constant voltage is required for operation of the engine electrical sys- 
tem. The voltage regulator is an electronic. Circuit that regulates* the varyihg 
alternator ori generator voltage to deliver a constant voltage to the engine 
electriTal system. 

• * 



The- ammeter is used to monitor the operation of the charging system,, and 
it measures the current flowing through the system. Often it is calibrated 
only with charging, discharging, and neutral positions. If the system is 
highly charging immediately after the en^ne is started, .then the ammeter indi- 
cates thatNthe. battery electrical powfer used to start tjje engine* is toeing re- 
plenished/ After the engin e Jfes^ been operating fcnr a 'short peri^of time, the 
ammeter should show a reading closer to the neutral point. the ammet^ con- 
tinues to sho^alarg/ charge being transmitted ^to the battery after the engine 
has been running for a considerable length of ttme, there* is some fault in the. 
charging circi^t T either with the vol tape, regt/lator or with the battery. After 
the engine is warmed up and operationa-1 , the desired ammeter reading is one * 
that is slightly closer to the charging side of the nefltra-1 point., if, for 
some cea§on, the ammeter should show a, discharge-reading, there is some problem 
in the system. ftther the voltage Regulator or alternator/gengrator could ibe 
faulty. \;? : ^ / . , \ s 



EX^RClSeS. 



1. Explain the advantages and disadvantages M -'Stirling .irigines. 

2. ' Explain the advantages anj disadvantages or the Wan^eir rotary -engine. - • 

3. Explain the function.- of the rings bn ttte piston of, a reciprocating* engine. 

■y • " . '* : *. " \ > 



4. Explain the operation of the following electrical subsystems in a spark- 
ignition engine (include the function of each component): 

a. Ignition system 

b. Smarting system - r 

c. Charging system > * 

5. Explaitf the operation of the valve train. of a reciprocating engine. 

6. Explain 'the operation of the thermostat rn a water-cooled engine. Why is 
^ controlling engine temperature important? % 



LABORATORY MATERIALS 

! 

1 

Spark-ignition engine with at least four cycltnders. 
Set of breaker points that fits the engine. 
Condenser that fits t x he engine. t 
Rotor that fits the engine.. 
Feeler gauge for breaker points. . , , 

Tj^ing light. 
Set of wrenches. 
Screwdriver set. ^ 



LABORATORY PROCEDURES 



1. Remove the distributor 1 cap. - 

2. Remove the rotor, condenser, and breaker point's from the distributor, 

3. Replace old'parts with new points, a condenser, anda rotor. Do 'not con- 
nect the coil wire to 'the condenser . • 

4. Gap the points to prescribed measurement wteh the feeler gauge. 

5. Connect the coil Wire to the condenser. 
6* Replace the distributor cap. , ^ 



Insert the timing light betweeji the number one cylinder; 'and the corresponding 



spark plug wire. 
8.* Timfc the engine. 
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9. In the Data Table, list the steps that wepe, performed in gapping the 

points and timing the engine. Then, discuss any problems encountered <and 
how they were solved- , 

DATA TABLE 

. DATA TABLE. . 

Steps in Gapping the Points: 



A t « 

. f 1 

Stepson Timing the Engine: 



* 

t 

1 
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BSE?' - ' KjUjltP^ CENTER FOR OCCUPATIONAL RESEARCH AND DE VELOPMENT' 



INTRODUCTION 



/ 



. A turbine is an energy converter that changes the kinetic energy of a moving 
fluid to .the mechanical energy of a rotating shaft. Most turbines use steam, air, 
or water as^working fluids. Steam turbines are used to power ships and most large 
electrical generators. Gas turb fries power jet aircraft and medium-sized generators. 
The energy of falling v^fer is converted to electrical ene'rgy by hydraulic turbines, 

This module discusses the 'design,- operation, and application of the above 
types of turbines. Major emphasis is placed on steam turbines because of their , 
major role in electrical power production. In the laboratory, the student >rill - 
operate a small hydraulic impulse ttlrbiffe. 



PREREQUISITES 



The student should have completed Fundamentals of Energy Technology . 



OBJECTIVES 



Upon completion of this module, the student should be able to: 

1. J List the three major components of a simple steam turbine and state 

the purpose of each. 

2. * Sketch the shape "of the nozzle vanes and rotor buckets that are 

components of the following types of steam turbines: ^ . 

a. Impulse turbine 

b. Reaction turbine 

3. Oraw side views of the nozzles and rotor and stator blades^ that are 
components of the following types of turbines: 

a. Single-stage impulse turbine ' — 

b. Velocity-stage impulse turbine 

c. Pressure-stage impulse turbine * \ 

d. Combination pressure- and velocity-stage impulse turbine/ 
e\ Reaction turbine 

f. Corabj nation impulse 'reaction turbine 
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\4. x Explain the operation »of the^foll owing steam turbihe components: ' 
* w a. ' Diffuser nozzle 
b. Blade seals 

\ j 

- \ c. Carbon ring sea^ " # 

d. Labyrinth seal * ■' ' 

f * e. Steam chest \ 

f . Extraction port 
- g. * Turning gear 

5. Explain the advantage of'a dobble-flow turbine over a single-flow turbine. 
• 6.^ Explain the differences i& operatiori, efficiency, and application of 

condensing turbines and non-condensing turbines. 
, 7. Explain the operation and application of the following turbine systems: 
• * a. Mixed pressure turbine 

b. Extraction turbine 

\ I 
c Reheat turbine 

8. Draw and label a diagram showing the basTc components of a gas turbine 
and explain the purpose of each component. 

9. Explain the design and operation of the two common types of combustors. 

10. Describe -characteristics of gas turbines^that make them suited for the 
following applications: • 

^ a. Jet aircraft power. pi ants 

b. Stand-by electrical power for peak loads 
■ c. Rural voltage booster. stations 

11. List four type 4 s of hydraulic turbines and state the approximate head 
^height used with each type. 

12. List thl* two major classes of wind turbines. 



r. 
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SUBJECT MATTER 



STEAM TURBINES 

A steam turbine is a form of heat engine in which the 'thermal energy of ■ 
high temperature, high^ pressure steam is converted to kinetic energy by allowing 
1 the steam to expand through a nozzle. The steam jet is directed at blades con- 
nected to a rotating shaft. The forc^of the steam against the blades produces 
torque that turns the shaft. . 

Steam turbines are* the most efficient devices available for converting 
thermal energy to mechanical energy on a large scale. They are widely used in 
,the production of electricity and as the power source for large ships. The 
turbines used in these systems are designed to extract th^tmaximum energy from 
the steam that passes through them. They are called condensing turbines because 
they condense the steam back into liquid water. 

In many industrial power systems, ste&m is usqji as a medium of heat transfer - 
.that is, the purpose of the power system is to deliver' steam, not to-do mechanical 
work. Such systems require mechanic&l energy to drive pumps', fans, auxiliary 
generators, arid other support equipment. This energy is often .supplied by non- 
condensing steam turbines that convert a portion oT the thermal energy of. the 
steam to mechanical work. The steam leaving such a turbine still contains 
sufficient heat energy to be used in heating processes. 



THE SIMPLE STEAM TURBINE 

9 

The three basic components of a simple steam turbine are as follows: 

• A nozzle for 'expanding the steam and directing It 
toward the blades of. the turbine rotor. . ' 

• A rotor wittt blades, that change the direction of the 
^stear/jet and, 'thus, produce output torque. 

• A casing to contain the expanding steam and to direct 
it through the rotor blades*. % , - v 

Figure 1 is a simple steam, turbine called a solid-wheelliurSine. The rotor 
*of this turbinp is $ cast wheel with circular cups' located around the rim. A 
nozzle directs expanding steam into one side of the circular cup. The steam 
swirls through the >cup and the diepressiorts ip. the turbine -casing - . 1 Only a portion 
of the casing is shown in Figure 1. "The escaping steam "is actually contained 
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-inside the casing and is piped away to per- 
form other work. c 

The solid-wheel .turbine converts onTy 
; , a fractjon of the input thermal energy into 
mechanical work; but this fraction is con- 
verted efficiently, and the energy remain- 
ing in t^e steam is used elsewhere. The 
solid-wheel turbine is one of the simplest 
and most durable and dependable energy con- 
verters ever devised. It has been widely 
used to drive auxiliary equipment in steam 
heating systems for much of this century. > 
The rotor of a more efficient, mode^p 
9 steam turbine consists of a series of blades 

or vanes connected radially to a central shaft. Two shapes of rotor blades are 
commonly used., Modern turbines are classified, according to rotor blade shape, 
as either impulse turbines 01/ reaction turbines. 




Figure 1. Solid-Wheel 
Turbine. 



IMPULSE- TURSIWES 

The shape of the nozzle vanes and rotor buckets of an impulse turbjne are 
shown in Figure 2. The steam expands* through the nozzle vanes, reducing .steam 

i| pressure and' increasing steam velocity.' The con- 
cave surfaces of the" half-moon-shaped buckets 
chasg~e~ the direction of flow of the steam and are 
forced upwards shown in Figure 2. All impulse 
steam turbines have this characteristic rotor blade 
shape. Pressure drops and velocity increases occur 
.in impulse turbines^ only in the nozzles. 




Figure 2. Schematic -of 
Impulse Stage Blading.r 
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Slngli-Stagz TmpulAz Tunblnz 

F.i gjdre 3 shows top and side views of 
the steam nozzles and^buckets of a single- 
stage impulse turbine. This non-condensing 
turbine is used for the same applications 
as the solid-wheel turbine, but it converts 
a greater precentSge of , the input thermal 
energy to mechanical work. Single-stage 
impulse turbines can have efficiencies as 
high as 60%. Forty percent of the original 
thermal energy remains in the <ste&m for 
\future use. 



STEAM < 
NOZZLES 




Figure 3. Top and Side Views 
of Single-Stage Impulse 
Turbine. 



VdloCsCty- Stage JmpuZit T^u/thlnz 

Greater turbine efficiency can be 
achieved by adding a sef o? fix^d blades 
anci another set of moving blades to the 
single-stage turbine to produce" the 
velocity-stage impulse turbine shown' 
in^ggure 4. ■ ' 

Fj^ure 5 shows the steam flow 
through such a turbine. The fixed 
blades -following the first set of v 
amoving ^blad^s re'di reef the steam to u 
prodtice force on the second set of • ! / 
moving blades. In the velocity-stage 
turbinV the steam pressure is con- 
-s verted to velocity 'at a single noz- 
zle. This constant velocity steam is 
then Cised to drive two or more s^s of 
turbine blades. 
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TOP 
VIEW 



Figure 4. Top 1 and Side. Views of 
IVelocity-Stage Impulse Turbine. 
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Fi-gure 5. Double-Row Curtis Tur- 
bine. (Velocity Staging). 
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PiZAAuAZjStagz Impute z TuAbim . „ 

Figure 6 shows a pressure-stage Ympulse turbine, which, essentially, is r 
;wo. or more complete single-stage turbines, connrected in series in a single 

^casing. The stages. are separated by ■ 
nozzles th^t reduce the steam^ pressure in 
steps, with a, lower pressure in each 
succeeding stage. The volume of each 
" stage is larger than the last in ordfer 
to allowj'or steafn expansion, and the 
rotor bla'des are larger in th'e lower 
pressure stages in order to- maximize effi- 
ciency/ 4 . ' 
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% Figure 6. Top and /Side Views 
' of Pressure-Stage 
Impulse Turbine. 



Combination Pazaauaz- aM Velocity -Stag e TuAbinz 

Figure 7 shows a turbine that combines both , pressure -staging and velocity 
staging in order to achieve maximum turbine efficiency. ^ < 

Velocity- stage, pressure.-stage, and corpbi nation-stage impulse turbines 
are used in electrical power production and marine power. In most systems, 
several turbines are connected on a ; single sh£ft and operate in principle 
as a combination pressure- and velocity-stage turbine, even though individual 
turbine units may have a different design. The' high pressure sections of 
: such systems opera'te as ncm-condensinq 

turbines, 'passinq steam, on to the lower 
pressure sections. The last 'turbine , * 
section is usually^ a-^condensing ti^'binS. 
The output from thi s stage consists of 
liquid water and water vapor'at. pressures 
below atmospheric pressure.* Such turbines 
m can be constructed with efficiencies of 
90%. • • 
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Figure 7. Top and Side Views 
i of Combination Pressure- and 

.Velocity-Stage Turbine. 
... * V 
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• 'reaction turbines / 

Figure 8 shows the nozzle vanes'and moving, buckets of a reaction turbine. 
The' moving buckets' of this turbine have the<same shape as the nozzle vanes. - 
A*" completed reaction turbine consists of '"several alternating sets of fixed and 
moving vanes, as shownin Figure '9. Each set of vanes islarger and. longer 
. than the preceding set. , , 

In impulse turbines, pressure drops and . 
velocity indrfeases occur "only at the nozzles. In, 
the reaction turbine, they occur at each set\of, 
blades,. both fixed'^and moving. Each set of vines' 
, acts as an expanding - nozzle for the next set. 
Reaction turbines are the most efficient type, 
with peak efficiencies of slightly over 90%. 
\ Figure 10-shows a combination impulse-reaction 
. turbine. Most of the thermal energy is converted 
to mechanical energy. in the impulse section Q.f.the 
turbine. The remaining thermal energy ;is con- • ' 
verted fo mechanical energy by the highly 
efficient. reaction turbine. '4n this system, _ 
^~*the^reaction turbine usually acts as a 

condensing turbine. The impulse reaction 
■ turbine is the most popular configuration for electrical power production,, 
but multisWfiJmpulse turbines are also used. > • . 




Figure- 8. Schematic 
of Reaction-Stage 
' Blading. 
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Figure 9. Top and Side -View of 
Reaction Turbine/ 
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Figure 10. Combination 
Impulse-Reaction Turbine. 
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STEAM TURBINE VES1GN FEATURES ' * 

Impulse and reactien turbines differ only in the shape of their rotor 
blades. The following descriptions of construction details apply to both types. 

Figure 11 shows two nozzle designs used in steam turbines. The converging 
nozzle (Figure 11a) constricts the flow of steam to produce a jet steam at high 
pressure. The diffusing nozzle (Figure lib) includes a diffuser sectldn that 
results in more expansion of the steam, greater pressure drop, and higher steam 
velocity. Figure 1 2 ' i s a diagram showing the irtlet, throat, and d|ffuser of 
a typical nozzle. * V 

' Most nozzles are the diffuser type - , since higher>team velocity produces 
greater torque. Constricting nozzles are often used in the hfgh pressure stage 
of multistage stfeam turbines and in gas turbine jet 'engines. 
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Figure 11. Two Types of Nozzles Used in Steam Turbines. 

Figure' 12 shfiws the nozzle block of a 
steam turbine. The individual nozzles are 
arranged around the nozzle block in order 
to distribute steam continually, to most of . 
the turbine blades. 




Fiqyre 12." Typical KozZle 
1 Block with Three Groups 
of Converging Nozzles. 
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Figure 13 shows a single Ktttor blade of a steam turbine. The blade root 
fits into a slot in the rotor whWl t as shown in Figure 14. The tenon on the 
other end of the^blade fi/ts\ntc/a slot-in a circular 
shroud around the blades, <> " 

The blades fn the initial stages of a turbine come 
into contact with superheated steam and must withstand 
high- temperatures without warping or deterioration;* Jhese 
blades are made of high strength steel alloys. /The blades 
in the condensing section of the turbine are in contact 
with wet steam and water and are made of corrosion resis- 
tant steel alloys. 

The centers of the. rotor wheels are. keyed to the 
turbine shaft. Rotors are often constructed by simply 
stacking the assembled rotor wheels and spacers <vn *the shaft. 




TENON 



BLADE 



ROOT 



Figure 13. 
Parts of a 
* Rotor BUcfe. 
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'CaA-Lng 



, The turbine casing 
encloses the rotor and holds 
r the. nozzle blocks, stators 
• (stationary blade rings), 




SHROUD 

BUCKETS 
ROTAR WHEEL 



DIRECTION OF ROTATIQN 

\ 



Figure T4. Parts of a Rotor. 



bearings, and other stationary 
parts. High-pressure turbine 
casings are constructed of * 
specially alloyed steel to ; 
'* withstand this high pressures and N 
temperatures of the steam. Low pressure turbine casings can be made of either 
cast iron or low-carbon steel. Casings are constructed Jn halves, with the ', 
casing'split horizontal ly - which allows access to. the. interior of the turbine- 
by lifting off the top casing half. In larger turbines and some smaller ones, 
the casing contains a separate, cylinder that supports the s±ator> rings and 
nozzle Slocks. In these turbines, the cylinder is also split in «half , .and- the 
top lialf lifts off with the casing v • . \ ;/ 
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SHA0009 
AJV1TED . 
TO BLADES 



LOCKING PKCC 
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DIRECTION OF 




STEAM FLOW 



ROTOR 



CAUUUMQ SEGMENT* 



Figure 15. Positioning and 
Mounting of Stator Blading. 



STEAM 



OARTEH SPftlNQ 




CAABON rings 



Figure 16. Carbon Rings 



STEAM 




Figure 17. Labyrinth Gland, 



Uada 'So.edU 

Figure 15 shows the blade seals 
between adjacent blade sets\ in a reaction 
turbine or a velocity-stage turbine. JFhe 
seal inn strips for the rotor blades ex- 
tend from the cylinder: walls almost to 1 
the shrouds of the rotor. The strips 
for the stator blades are located on 
the rotor shaft. As shown in Fjgure 15, 
there is some space between t{ie shrouds 
and sealing strips that allows for uneven 
Expansion and contraction of- the rotor 
and cylinder during operation. 

Shaft Seat* 

Two types of shaft seals are commonly 
used on steam-turbines. Smaller models 
employ the rincf seals shown in Figure 16. 
The rings are<usually made of carbon, 
but other materials can be used. Each 
ring is split into three equal segments, 
which are held against the turbine shaft 
by garter springs. In Figure 16, steam 
is introduced .between two of the rings 
to prevent air from entering <the turbine; 
bgt .this is not always done. ^ 

Figure 17 shows thfe labyrinth seals 
used on larger steam turbines.* The/. , 
labyrinth packing is made of soft? white- 
metal and fits the shaft flosely. Steam 
introduced between .the two labyrinth 
sections prevents air from entering the 
turbine. Some labyrinth seals alio have 
vacuum sections that keep steam from 
escaping into the air. . 
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The turbine shaft -hTsupp'orted by bearings mounted on the casing external- 
td therfehaft seals. . All large turbine* use pressure-lubricated journal bearings 
of'either the plain or self-aligning type. Packing in the "bearings and shaft 
spa-Is assures that no oil from the bearing c*n enter the turbine and contaminate 

tfie steam. k ~ « 

I Thrust bearings, are. designed to resist the shaft end thrust produced by 
the steam pressure differential across the turbine blading. Several common 

types of thrust bearings /'can- be usVi. 

I 

8£eam Ck&>t 

.The" steam chest is the intake manifold of the turbine which receives steam 
from->the boiler and routes it to the appropriate nozzle block; It contains 
the throttling valve -for the turbine v 

Extraction PonZi 

Many steam turbines have extraction' ports (Figure 20) which are located 
between stages and' which can be used to extract steam at a desired temperature 
and pressure for some external purpose* In some cases, these ports are also . 
used to reintroduce /steam from an external process into the tbrUine so its 
.remaining energy cap be extracted. 

Tunning GeaA 

All large turbines and many smaller ones are equipped- with a motor-driven 
turning gear. This gear is used to bring the turbine, up to "about 60% of its 
running speed' befire steam is applied. When. an operating tdrk^e is shut 
down, the turning gear keeps- the rotor turning while the turbine cools. 

Stzam ?lav) PathA 

Fiqure 18 shows four possible steam flow paths for multistage turbines. 
Single-flow turbines (Figure 18a) have a single casing with all stages in 1 in 
The steam' enters one end and leaves the other. 

Oouble-flow turbines (Figure 18b) splitfhe input" steam between two J identi 
cal paths. Each of the identical turbine halves- has a high pressure secti- 
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a. SJnglt-Row Turbln* 
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PATH 



OUTPUT 
SHAFT 



EXHAUST 
STEAM 

b. Doubl«-Flow Twbln* 



STEAM 
PATH 




EXHAUST * 
STEAM 
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STEAM PATH 
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OUTPUT 
SHAFTS 



EXHAUST STEAM 
d. Two-Caaing Doubl«-Flow Turbln* 



> 



* " Figure 18^ Steam, F3ow Paths for Multistage Turbines. 

the outer end and a low pressure section in the center. Most' of the Jatfgest c 
steam turbines (up to l,QDGy9pO kW) are designed in this manner because the 
axial thrust of tRe"TwcT turbine halves offset each other, 
, Figures 18c and 18d show two possible configurations of two-casing, 
double-flow turbine systems. 

STEAM TUR8IWE SVSTB\S AMD APPLICATIONS * 

Steam turbines are commercially available in a large number* of configura- 
tions ia. sizes from a few horsepower to a million horsepower. Turbines are 
classified according to their size (power rating) and to the conditions of 
their input and^output steam. Most turbine systems fall into one or more of 
the following j^atggjgries., * * 
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• , Conducing TunbineA 

^* Condensing turbines are designed to extract the maximum thermal energy - 
C -^from the input steam. The JDutput.of such turbines is '1 iquid' water and, low 
'pressure water vapor. The output port of the turbine is connected to' a 
-*condens.er that maintains an exhaust pressure of less than atmospheric pressure 
rn -order to increase turbine efficiency. Condensing turbines can be designed 
to operate at high (more than 400 psig), intermediate (150-450 psig), or low 
(less than 150 psig) input steam pressures. Most electrical generating- sta- 
tions are powered by high pressure condensing turbines. Most jartne turbines 
are intermediate "or low pressure condensing turbines. s 

\ 

Mon-Cotui&yi&ing TuAbinU 

The\)utput of a non-condensing turbine is steam which contains sufficient 
-thermal energy for other uses. Most auxiliary steam turbines are this type. 
Large non-condensing turbines are used in applications requiring both electri- 
car energy and steam. The output steam from the turbine can be used for * 
environmental or industrial heating. 
/ 

Figure 19 shows the steam flow in at mixed 'pressure turbine.^* This turbine 



^ a 



tats, a "high pressure inlet connected directly to a boiler 
alsi used for some other process which 
owers its temperature and pressure but 
eaves recoverable energy in -the steam. 
This used steam is introduced into a 
lower pressure stage of the turbine . 



Boiler steam is 



tx&uxcAion TuAbim' 



In the extraction turbine (Figure 20) 
•all the input steam enters from the 
boiler and passes through the high 
pressure section of the tjjrfyne. A 
portion of the cooler, lower-^ 
pressure steam is extracted for 
etxternal use, and the remainder 
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Figure 19. Mixed 
Pressure Turbine. 



1? 



1 



9 



^9 



EP-06/Page 13 



EXTRACTOR 
VALVE 



STEAM 
INLET 




.OUTPUT 
SHAFT 



EXTRACTION 
DUCT 



Figure 20. Single Automatic 
Extraction Turbine, * 



continues through the low pressure section of the turbine, 

t % Both extraction and mixed pressure turbfnes are widely used to achieve 
maximum efficiency in steam driven power systems- Most are the condensing 
type. 



j 



Figure 21 shows a reheat turbine. After the high pressure steam has 
expanded through a high pressure tuYbine stage, -it is extracted, reheated to 
approximately its original temperature, and i^tfoduced into the next turbine 
stage. Reheat turbines provide the most efficient system of electrical power 
production. . ' - . * 



RE HEATER 




OUTPUT 

"""shaft 



Figure 2L Single-Reheat Turbine. 4 
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GAS TURBINES 

Gas_tu£bines are designed to produce shaft rotation by compressing and 
heating air and, then, expanding the air through a turbine. The mechanism 
by which the sjiaft is turned is the same as that in th? steam turbine, but 
the working medium is air. The major difference in the operation of a gas 
turbine and a steam turbine is the source of heat energy. The steato turbine 
repeives heat energy in the form of steam from an external 'boiler. The gas 
turbine burns a liquid or gas fuel internally to produce the required heat 
enerlgy. 
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Figure 22. Schematic of a Simple Gas Turbine. m 

Figure 22 shows- the major components qf a gas turbine. ' Air enters the 
intake system, is compressed by" the compressor, and is forced into the combustor 
where fuel is added and ignited. The heated air expands through the turbine, 
producing rotational, motion; then it is exhausted through an exhaust system.'. 
Tl^e rotational motion of the turbine drives the compressor.' ^ 4 

Gas turbines used for electrical power production are -designed to convert 
most of the thermal energy of the air to mechanical energy. They extiaust low 
velocity air at atmosphertc pressure. Gas turbines used to power aircraft 
produce only enough mechanical energy to run the compressor. Most of the energy 
leaves the turbine in the form of high velocity exhaust which pushes the-air- 
craft forward. , ' ' * 
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GAS TURBINE VESltjN FEATURES 

As shown in Figure 22, the five major components of a gas turbine are 
•the following: * ' • . 

• Air intake system 
•.Compressor 

• Combustor . 

• Turbine 

• Exhaust system 



Aaa lYvtakz System 

The air intake system of a gas turbine perfwms one. or more of the follow 
ing functions: 'A 

• Air filtration 

• Air cooling (for greater compressor efficiency) 

• Sound muffling (to protect personnel) 

• Anti-icing protection and weather insulation 



\ 



* 

After environmental a.ir leaves the air intake system, it enters the com- 
pressor. The compressor -increases the air pressure to approximately 50-75 
psig. Two types of Compressors are commonly used. 

Figure 23a shows the rotor of a centrifugal compressor.,. Air enters the 
center of the impeller and is forced through the outside slots by centrifugal 
action. S/ince the outside area of the air passage is smalleif, the air is 
compressed, ^ 





a. Centrifugal b. Axial 

Figure 2*3. 'Rotors for Two Types of Compressors. 
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Figure 23b shows the rotor. of an axial compressor. i This is a reaction 
turbine with the curve of its rotor blades reversed. Instead of allowing the 
gas passing through it to expand and speed up, it reduces velocity and increases 

pressure. ' • t 

Axial compressors .are mor.e efficient than centrifugal compressors, but 
th'ey are also heavier and larger. ' Both typ.es ^ave been used for aircraft 
plants and electrical power production. 

CombiUtoh. * 

'After the ^pressurized air leaves t'he compressor, it enters the combustor 
where fuel is. added and burned.. Normal combustion occurswith 15 parts of air 
(by weight) to one part of fuel. In 'gas turbines, 'the mixture is closer to 
70 or 80 parts of air to one 'part of fuel . This mixture i§ required to cool 
the air entering the turbine blades, but it is also difficult to ignite and 
will not sustain everr^ombustion. The combustor solves this problem by mixing 
•the* fuel with only'a portion of the^ir before combustion. Two types of com- 
bustors are in common use. ^i^^ ^ 

Figure 24 sho^s the flajii^-tube combustor commonly used on stationary gas , 
turbines. The combustor tube is filled with small holes that allow some air 
to enter it and to mix with the^fuel inside. The remainder of the air flows 
abound, the tube and cools it. Combustion- takes place continuously inside the 
flame tube, and the gases mi-x before the^reach the turbine. 




FUEL MANIFOLD y 



4CEN7MFUQAL 
COMPfrtWOR 
IMPELLER 




TUBULAR COMBUSTION CHAMBER 



, Figure 24. Cross Section? of Turbine with Tubular Combustor 
and Centrifugal Compressor. 
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Figure 25 shows the annular xombustor after it is used irf aircraft gas 
turbines. The annual combustion chambers are rings around the outside of 



*7 



AXIAL COMPRESSOR BLADES 



COMBUSTION CHAMBER 




Figure 2S. Cross Section o#an 
Annular Combustion Ehamber. r 



the compressor-to-turbine 
air. passage. The entire 
flow of air moves through 
the combustion chamber, but 
ijt is split so only a small 
portion .of the air enters' 
the immediate area of com- 
bustion. 



TuAbim *' £ 

The heated g^s (650-1 700°F, depending on turbine design) J eaves the 
combustor and expands through the *ti^rbine. Several designs have been used, 
for gas turbines, but most are reaction 'turbines with three or four rotor 
wheels. / / ' ' ' ' * „ 

■ • . / , . 

ExkauAt System * 1 t 

The exhaust system returns the exhaust gases to the atmosphere or intro- 
duces them into another Seating system. Figure 26 shows a recuperative .ex- « 
haust system that. uses exhcfust gases to heat fnput air after it has be-en, 
compressed. Since^the exhaust gas still contains 8p% of its original free 
oxygen content »jtcan be used as, the air input t£ the furnace of a steam 
boiler. * * 



EXHAUST OASES 




FUEL INLET . 



COMBUSTION 



RECUPERATOR CHAMBER 



"I* 



AIR I INLET 



Figure 26 ♦ Schematic, of Gas , Turbine with 
Recuperative* Exhaust System, . * 
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GAS TURBINE CHARACTERISTICS AN0 APPLICATIONS ' ) 
' The gas turbine delivers greater output power, per pound of weight than 
any. other, cpnvertor. It. is dependable, portable insman sizes, and requires 
no elaborate cooling "systems. Gas turbines are simpler to operate and easier 
to maintain than most- other power sources. They carTb-e-brought from a stand- 
Still to full power in less than. a minute, and they can be adapted to t>urn a- 
variety of fuels.'' For these reasons, gas turbines are the most widely used* 
power, sources for aircraft ^including turboprop), and^they have also been used 
in marine vehicles and -large trucks. But, they are not used in automobiles 
because they ark less efficient. thorn reciprocating engines and more costly^ 

Gas.. turbines cannpt be used <or 'large/ scale electrical power generation, ( 
but ga§ turbine generators are in common uW in the following applications: 
' . • The overall efficiency of a Jo's sil'.- fuel fired generating station 
-can be improved as'%uch/^as 3% by using gls turbine exhaust air _ 
as furnace input air. 
" • At 'peak. load periods,,, stand-by-gas turb'ine generators can be 
.brought, into operation quickly to meet rising electrical 
' demand^ Such generators' can be used only for a few hours a ' - 
d|y or luring extreme weather conditions when electrical 
demands are highest. Low maintenance, high reliability, and ' 
rapid start-up make the gas turbine the ideal auxiliary- power ^ 
source. 

Gas turbine generating stations can be used tor increase line 
voltage at "the extremes of long distribution systems. They, also • 
serve as auxiliary 'local power in rural areas when the power 
• distribution network is broken. Some systems of this type - 
require no external cooling water and can be operated by 
remote control * * , 

/ HWRM1LK TURBJNES' \ 

A hydraulic turbine us^. water as the working medium to turn a rotor,, ^ 
called' a runner, which is attached to an electrical generator. "Several ' * 
turbine designs can be used, depending jjpon the height of the input water 
above the turbine. 
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HYDRAULIC ^NSTOCK-w 
BRAKE I QA1E - 

I NECOU 




NorzLfe pipe 



Figure 27. Impulse-Type 
Hydraulic Turbine. 



* MVRAULK IMPULSE TURBINE 

Figure 27 shows a hydraulic 
impulse turbipe used when the 
*^ater depth is 1000". f^fet or more. 

A jet nozzle directs w^ter irfto 
>-ttie~buckets. on the rotor wheel. ' 
' Only a few hydroelectric sites 
yhave sufficient head pressure to 
allow the efficient use of hydrau- 
lic impulse turbines. ' * 



mUULVB-^EACTWN TURBINES 

Several types of hydraulic reaction turbines are used for heads of a few 
feet to a few hundred feet in size. Figure 28a shows a Francis-type reaction 
turbine used for water depths of 100 to 1000 feet.- 



/ 
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a. Francis-Type 

Figure 28. 




b. Prdj5Wtj«r 



Hydraulic Reaction Turbines. 



„Dams with low heads (100 to 400 feet) usually use propeller turbines 
similar to the one "shown in Figure 28b., Fixed-blade propeller turbines have 
blades which are set at a specific angle of 16 to 2'0 degrees "and cannot be 
adjusted. Kaplan turbines are propeller turbines «with blades that can tie 
adjusted from 10° to 32° to provide maximum efficiency with varying loads.- ^ 
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Figure 29. Axia^l-Flow Propeller Turbine. 



WW TURBINES A 

Windmills have long been, used in many^rts^of the world to pump water. 
The search for alternative energy sources has focused' renewed attention on 
win d power. Two types^ of wind-driven electrical generating systems are now 
being tested at several locations. 

Figure 30a shqtf^ a vertical axis wind turbine under investigation at' 
'Sandia Laboratories and other sites. Figure 30b is' a -horizontal axis wind 
turbine/ Small models of this type are commercially available. An experi- 
mental* generating station using a horizontal axis tyrbine with*two 97£ foot 
blades is being built on a 4400,- foot mountain near Boon, NorthXarol ina. 
While such systems will never produce a significant portion of our 1 national 




1= 



Explain where pressure drops and velocity increases' occur in the following 
types of steamjturbij^ ♦ * 

a. VelOcrty^tage^'impulse turbines % . 
^ b. Pressure-stage, impulse turbines 
c. Reaction turbines 

2. Explain the application and chief advantage of a solid-wheel turbine.. 

3. Draw and labels diagram, showing the parts of a turbine' blade. 
Explain the function of each part. 

4. - Explain the, advantages qf gas turbines over steam turbines for emergency 

electrical power. - * \ ^ 

5. Explain how a <ja§ 'turbine can increase overall steam plant efficiency. 



LABORATORY MATERIALS 



Impulse\ water motor with pressure\ gauge and prohy brake ^ - J 



\ (Sargent-^elch ^1101 o\ equivalent), 
Water sdurce. # } 
Collection container, calibrated inlft 3 * 



Timer. • 

I 



LABORATORY PROCEDURES' . 

-.1. Set up the experimental apjiaratus\ as shown i^ the Figure, with the 
* collection container removed r 



2. Turn on the water supply and adjust the flow fore low-speed -operation of 
the water motor. Record thlp difference in the spiking scale readings in 
Trial fof the Data Table (\n pounds)-. Next, record the water pressure 
* in lb/in 2 and convert this v^lue to lb/ft 2 . * - - 

-3. Place the collection container to catch the expelled water and simulta-" 
rieousty start the timer and devolution counter. i w ' ^ 
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PRESSURE 
METER 



SCALES 




WATER 
MOTOR 



Laboratory Setup. 



When a predetermined volume of water has passed through the turbine, read 
and record- the values of the revolution counter and timer; then record 
the volume of water. 
Turn off the water supply. 

Record the circumference of the pulley (in feet). ; 
\ Calculate and record turbine input power from the following equation: 



Input Power 



h 



lb) 



_ Pressure (lb/ft 2 ) x Volume (,ft 3 ) 
" Time (s) 



Calculate ancj record the turbine output power from the follo^ng 
equation: : , 



Output Power 



Revolutions x Scal * difference ( lb ) 



Time (s) 
x Pulley circumference (ft) 

t 

"Calculate and record turbine efficiency. ( „ t « 

Repeat the steps for two higher water-flow rates and complete Trials 2 
and 3 of the Data Table. / 

f 
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6ata table 



DATA TABLE: y 



" Trial 


Scab 

Difference 


Water„ 
Pressure i 


/Number of 7' 
^Revolutions/^ 




Volume of 
Water 


Input, 
Power 


Output 
Power 


Efficiency 


# 


oz 


1b . 


lb/in 2 


lb/ft( 






ft 1 


ft-lb 
s 


ft-lb. 
s 


% 


1 






















2 






















3 























Pulley circumference * 



ft 



r 
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ENERGY TECHNOLOGY 

CONSERVATION AND USE 



ENERGY PRODUCTION SYSTEMS 




■ V' :^-v^P-UJtE' EP-07 



CENTER FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT 




INTRODUCTION 



This module* discussed various methods for production of electricity and 
describes corftentional generation of electrical power, electrochemical methods, 
and photovoltaic generation. The discussion includes the principles, 'practi- 
cality, and degree of use for each method, as well as the major problems that 
must must be overcomejDy_th£^ 

This module e^asizes systems forjprosi^ electrical povyer. Specifi- 
cally^, it describes^electrical power plants using, steam turbines that produce 
commonly encountered alternatingTelectrical current. It also discusses the gen- 
eration of electrical power with Internal combustion engines and the generation 
of d.c^electcical power. \ \ 

The discussion then covers electrochemical methods of generating electric- 
ity -including fuel cells and batteVi el (both .conventional batteries, such as 
automotive batteries, and experimenta retteries) . Finally, the module de- 
scribes photovoltaic generation of electricity, 
j* - * 

PREREQUISITES- 

e 

The student should have a basic understanding of physics, as it relates to 
electric generators and photovoltaic materials, aritr-^nould have completed ^ 
Fundamentals of Energy Technology . 

r 

OBJECTIVES 

Upon completion of this module, the student should be. able to: 

1. List each l>f the methods described^or production of electricity. 

2. DescfTbe.tne basic operation of each device or system described. 

3. -Describe the degree to which each technology is used in practical usage. 

4. ' Describe the relative advantages of each technology. * 

5 Describe the major problems that must be overcome in the new technologies. 

0 
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SUBJECT MATTER 



ELECTRICAL POWER PLANTS USZUG STEAM TURBINE? ANV COMBUSTION ENGINES 

This section of the moduleaemphasizes the generation of large amounts of 
electrica.1 power for residential, and industrial use. It covers the conventional 
technology for production of the a.c. electrical power that is distributed by 
electric utilities.. Electrical energy is produced by electrical plants which 
convert energy from coal, fuel oil, natural gas, nuclear reactions* or falling 
water. Most of the electricity is generated by steam turbines which drive 
electrical generators; however, smaller amounts are produced by hydraulic tur- 
bines in hydroelectric plants or by turbines driven by internal combustion en- 
gines. For completeness, the following sections also discuss generation of 
d.c. electrical power. 



£[EAM TURBINE PLANTS • . 

Electric power production for commercia^ distribution .implies production 
in large-scale stationary generating plants.. Approximat#?5rS5% of the commer- 
cial electrical power in the United States is derived' from plants using steam 
turbines. The steam can be produced by energy "from the burning of coal, fuel 
oil, or natural gas, or by enecgy^derived from nuclear reactors. This is 
regarded as the standard, conventional jnethod of producing electrical' power. 

Advantages-of generating electricity by this method include the following: 

• Availability of highly developed technology 

• Availability of large components" (turbines , 
generators, and so forth) for very large 

• generating stations (greater than 100 megawatts) 

• High conversion efficiency 

Compared to hydroelectric plants, steam turbine plants have the advantages 
jof not being dependent on water flow, of more flexible site selection, and of 
closer proximity to users. 

Disadvantages of steam turbine plants include the following: ' 

• Air and water pollution 

• Radioactivity and disposal of waVte for nuclear plants 
Rising costs of fossil fuels 
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• Depletion of supplies of fossil fuels 
^ •/Vulnerability to widespread blackouts in the event 
of a system failure 

Although this portion of the module emphasizes the function of generating 
electricity^ it does not discuss the transmission and distribution of electric- 
ity to the users. " " ~ 



TURBINE 



Stzam -CijcZte and E^cioncy 

In a steam turbine electrical fenerating .plant, the water is boiled in a 
boiler, cycled through th# turbine,. condensed, and then conveyed back to the 
A * boiler. This process 

is illustrated in Fig- 
ure 1 . The steam is 
produced at a high 
temperature Ti and con-, 
densed at a^lowe*? tem- 
perature T2 • These v 
temperatures are to be 
regarded as absolute 
.temperatures. 

Accbrding^o Fig- 
ure 1 , the process .c$n 
be regarded as* being a 
cycle. The performance 
of a steam plant can be 
analyzed in terms of 
the- properties of the 
steam as it goes 
through the cycle/ 

One common steam cycle is the Rankine cycle, which is illustrated in Figure 
2. Figure 2 shows a plot of the pressure and volume of a unit mass of water 'as 
i t' cjoes^through'sfhe %ycle. From point 1 to point 2 in the cycfe, water is com- 
pressed to the pressure of the boiler. Practically no* temperature increase 
occurs in t this step. From point 2 to point 3, heat is added to the' 




PUMP 



Figure 1. Elementary Steam Power Plant. 
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water, converting -it to steam and superheat- 
ing the steam. From points to. point 4, the 
steam is allowed to expand and th drive ,the 
turbine, Therv, from point % 4 to point 1, the 
steam is > condensed, completing the cycle. . - 
There are other steam cycles, but the Rankine 
Cycle is an important, frequently used exam? 
pie. 

During the cycle, work is extracted' 
from the' steam; but it is impossible to 
extract as useful work all of the energy that is supplied by the fuel that 
heats the steam. The efficiency of the cycle can be defined as u the ratio of 
the useful work output of the cycle to the heat energy supplied." The maximum 
possible efficiency of a hea-t engine working, in a cycle is given by Equation 1 \f 



\ 'VOLUME PER UNIT MASS 

Figure 2. The Rankine, Cycle. 



E m 



. L_ 



ax 



ion 1 



— Equati 

where: Ti and T 2 = The temperatures at which the steam is produced and con- 

densed, respectively. 

Remember that the temperatures Ti and T 2 are? absolute temperatures. 

.Equation 1 shows that the thermal efficiency becomes higher as 1 the initial 
steam; temperature Ti is increased. Thus, it is desirable to work at high values 
of steam temperature. A^was learned in Module EP-04, nuclear reactor steam 
cycles with maximum steam temperatures around 550°F have maximum efficiencies 
of approximately 32%. * Cycles based on the burning of fossil fuels produce steam 
temperatures around- 1000°F f and have maximum efficiencies of approximately 66%. 

It must be emphasized that the efficiency given by Equation 1 is a maximum , 
value Set by the laws of .thermodynamics. It canrfct be exceeded under any condi- 
tions. If the system 'design is poor, or.if there are heat losses, the value 
"given ~l*y~£quUt1W^ ~~ 
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EXAMPLE A: DETERMINING MAXIMUM POSSIBLE -EFFICIENCY.. 



Given: A coal -fired steam generating plant produces superheated steam at 
'550°C. After passing through the turbine, it is conden?ed at a 
temperature of 37°C. . ■ ' c 

Find: The' maximum possible efficiency. 

Solution j *The absolute temperature Ti in Equation 1 is 823°K (550 + 273). 

The absolute temperature' T 2 is 310°K (3? '+ 273).. Hence, the maxi- 
mum possible efficiency is the following: * * 



823 - 310 513 



823 



823 



= 0.623 = 



Sy&tm ConfcguAation 

The basic configuration for steam-turbine-based electrical power generation 
consists of a boiler {heated either by a combustion furnace' or by a 'nuclear re- 
actor), a steam turbine driven by^steam from, the boiler, and an alternating cur- 
rent generator. A schematic diagram of the system -based on a light water nu- 
clear reactor is shown in Figure 3, illustrating the essential features of the 
electrical generation. In a fossil-fuel pnwer station, the^reaGtor is replaced 
by a furnace, with its. attendant fuel processing and delivery system. 




PRESSURIZED **** 
WATER 
REACTOR BOILER 



CONDENSER ▼ COOLING 
WATER 



Figure 3. ' Schematic Diagram of Electrical Generating System. 
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Many of the components were described in earlier modules of this course. 
Modules EP-01 and EP-02 described -furnaces and .boilers using fossil fuels: 
ModuleEP-04 described nuclear- reactors and their applications. Module EP-06 • 

* -rm, * — 1 ■ . " - „ „£_ 

discussed turbines. 

Heat is produced by the nuclear reactions irr the reactor core. The heat 
i f carried to the boiler by circulating; pressurised water; and -in the boiler, 
it exchanges heat with the water in the boiler, .producing superheated steam. , 
: The steaa drives a steam turbine, which in turn drives an alternating Current 
•generator. The" steam is condensed and is 'returned to the boiler. » 

The alternating current generator (also called .an a.c. generato t >4tf 
alternator) converts the' mechanical rotation energy s ; upp,lied by the turbine 
- into alternating current electrical power. The student should remember the 
•principles of operation of the alternating current generator_lrom prior physics 
• courses; but for completeness, this type of operation is briefly reviewed in 
the following paragraphs. ' . 

Basically, an" alternating 
current generator consists of ■ a 
coll of wire rotating in a mag- 
netic field - a metallic con- 
ductor moving through a magne- 
tic field, having induced a 
voltage-in.it. If the conduc- 
tor is wound into a. complete 
circuit, an electric current 
will flow. The* direction of 
the current depends on the 
relative orientation of the 
motion and the direction of 
the magnetic field- 

The configuration of the . 
generator is sketched /n Figure 
4. The top part of »the figure 
(Figure 4a) shows a soft irpn 
cbre that rotates in the 



MAGNETIC 
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y ROT ati6n 



MAGNETIC 
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Figure 4. 



ConfiguratioXof an Alternating 
Current' Generator. 1 : 
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direction indicated 'by the arrow. .A coij of wire is wound in "many loops! The 
combination of core and wire coil i§ called the armature, Jhe coil of wire is 

* embedded in slots on^the surface ofj^g'core. There are many h)ops Sri the coil- 
of wire, although only one is .indicafte\f in the figure,. TheVjnagnetic -field -in 

' Targe "generators "is usually supplied by an- electromagnet. For small generators, 
or for easel in which very higf^reliability is-needecj, a permanent magnet can 
be used. \ ( - . 

The bottom part of the figure (Figure 46) shows the operatic^ in another* 
way. 'The coil ofVire is indicated as being rectangular. Again, only one loop 
is shown. The ends- of the coil are connected, to slip rings which rotate with , 
the coil. The slip rings are insulated from'each Other, but eacfj are in con- 
tact with a stationary brusb that- is connected to" the^xternal circuit. ' At a 
particular point in the rotation, electric current is .produced in one direction. 
One-half cycle later, the relative orientation of^the motion of. the coil and. 
the magnetic field is reversed; hence, the direction of current flow Is alSo 
reversed. Thus; this generator produces alternating current, Foi^Lto^J ^t 
half of the cycle rotation, the current* flows* in one direction;* in "the other 
half of the cycle, the current flows »in the opposite direction. 

In the most common type of 0 a.c', generator, the system frequency is proper-' 
tional to the rotation speed. This type* of generator is called a synchronous 
generator. The frequency f (in hertz) is given by Equation 2: 

f - N R/120 v Equation 2 

where: The number of magnetic field poles (usually either two or four), y 

R - The rotation speed of the armature, in rpm. 

Thus, a generator with two magnetic poles will rotate at 3600 revolutions per 
minute to produce alternating currency at a frequency of 60 Hz, This high 
rotation rate is compatible with high speed steam turbines which operate most - 
economically at high rotation rates, m 

Very large alternating current generators are now in use for commercial 
electrical power generation, 'Individual units with capacities exceeding' 1000 
"megawatts have been installed, The corimon system frequency in the ■United .States 
and Canada is 60 Hz; jn Europe, it is 50 Hz, - 
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'The genefctftfion process previously described produces an electrical voltage 

Equation 3 



V whi)ch varies with time t as a sine wave. Consider EquatipnJJ: 



V = V Q sin 2-rr-f t 




o 
> 



where: V„ = The maximum voltapge, 
o 

f = The frequency of the system. 

This function >s> sketched in Figure 5a.- In^ne cycle, which takes an Amount 
of time* equal' to 1/f, the^voltage rises f rom' zero to a maximum positive^ value, 
falls through zero to" ef^inimum negative 
value, and thejn increases t^ck to ^ero, 1 
There may be more than ^ne sine ^ 6 
wave, with the waves oscillating nonsyn- 
chronously. Thus, one wave may.be at 
its positive maximum when the second 
wav,e is at a- different part of its eyelet* 
In this case, the Wves are* said to 'be ; 
"out of phase." The phase difference 
between ttie waves is defined as "the 
fraction of a cycle by which one wave m < 
leads, or.^ags, behind the Other." ' 

Figure 5b shows three sine waves 

V * 

which are out of phase by one-third 
cyc^e. These three waves may be ax- ^ 
pressed by the following: 




a Slngit W«*t 



O 
< 









? 


V, J, .,^3 












m 











b. Thr«» Wavtt Oulof Phttt by Ont-Thlrd Cyclt 



/ 



Figure-5. Sine Waves. 



•V 2 

v 3 



\T sin 2ir f t 
o 

V Q sin.(2ir ft- 2tt/3)_ 

V Q sin (2ir f t - 4ir/3) 



Equation 4 
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ifil phase difference between the waves/ is 2tt/3 radjans, or 120°. 
In the discussion so far,, it ha>s b^n assumed that the generator produces 
a voltage that is represented by ysfsgle, sine wave. This requires two wires, 
one. carrying the voltage and tl^second acting as a return: This system, Called 
single-phase alternating curjc£*fe\ is. the type of alternating current most often 
used in domestic applications. ^ " „ 

, For delivering large amounts 1 of Electrical power and for, many industrial, 
applications, three-phase systems are used. These systems use three sine Waves 
that are out of phase by 120°, as illustrated by Figure Sb. Although one might 
think. that such a "system would require six wires (two., for each phase), this is 
not the case. If the currents in each pha$e are properly balanced, only'three 
wires are needed. The individual currents for the three, phase's may be flowing 
in either a positive oV a negative sense. In a properly balanced system, the 
net total current at instant of time is^zero. Thus, no retunTwires are 
needed. Such a system*, with->each of the three wires carrying current 120° out 
of phase with the other, two wires, is called a three-phase* system. Each phas*e * 
of the three-phase system carries current and delivers net electrical power, 
Such a three-phase system, with three wires, can 'deliver as much power as three 
separate single-phase systems, .which would require six ^separate wires. Of 
course, it is impossible to. balance the three phases so perfectly in a^practir 
cal system that the net current; is. exactly zero. Thus, there is usually a * 
small return current. It is common practice to return Jhis current to ground 
and to let the earth* act as the return conductor. ■ 

, In order to generate three-phase electrical power, three separate coils of 
wife are wound on the armature o"Nbhe alternating current generator. Each coil 
generates o^e phase of the three-phase power. t ItJs possible to 'connect the 
coils in ty/etfdifferent- ways, as illustrated in Figure 6.^The configuration in 
Fjgure .6a^i4called wye (Y) configuration because of its shape. It is also 
sometimes calleShar star configuration-. In tHHs .configuration, the line volta 
V. (which. 'is' the voltage between any two of the wires) is related to the jjha 
voltage V (which is the voltage between \ny wire and\ground) by the followi 



P 

. equation: 



^ \*» , V - V./VT" /; \ to 

- \ 
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9. Wy« (Y> or Siar Configuration 




TRANSMISSION 
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b. Dotta f Al or M««h Configuration. 



Figure 6-. Connections for Three-Phase 
i,Al ternati ng< Current. 



1\ common .line voltage for distribution, of three-phase electrical power is 220 V. 
Th^ phase voltage is thqn 22ti/VT= 127 V. Thus, single-phase electricity for 
domestic use at 127 V may be obtained -by tapping one wire of a 220-V three- 
phase 220-V distribution system!. For many .industrial applications -especially 
for large motors -.all three phases are used- The wye configuration foj distri- 
bution of electricity from a-tbre^-phase generator is -commonly used in/the 
United. States. 

* The other possible arrangement, shown in Figure 6b, is less often encoun- 
• tered in the United States. This Arrangement is called the deTta- (A) or mesh- 
connected system. For the delta cjmn^ion, the line voltage and phase voltage \ 
are equal . 

/Thre^-phase systems have several advantages aver single-phase systems. 
The flow of power is more constant, so the^motors operate more smoothly. And,^}; 
three-phase motors start more* easily* because of interaction -between the phases": " 
For distribution of equal amounts of power, there is ^savings in the amount of 
wire needed' for three-phase^systems^ / 
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. CompaAZ&dn oi Plant Co*&> ' 

The cost of generating electrical power 'is in extremely complex issue.' 
Two contributions to the cost must be cons4dered: .the initial capital invest- 
ment and the operating costs (including fuel). In a period of rapidly increas- 
ing fuel prices, any cost estimates rapidly become outdated. ' . . ' 

The cast of the capital investment per unit generating capacity depends on 
the plant size. This'-cost decreases for large plants. For a kilowatt of ' gen- 
erating capacity, a sm^Il (50 megawatt) steam plant ^can be 20% more expensive 
to build than a Urgt*(1000 megawatt) steam plant., The* cost will vary from one 
part \f the country to another because of differences in labor rates, t*< inceri 
tiv£$, and local , laws on control of emissions. Addition of pollution* control 
equipment can substantially increase the cost of a generating plant. 

The operating costs for steam plants are dominated by fuel costs. It is 
difficult to compare fu§l costs "because there is considerable variation from 
one part of; the c6tuvtry\o another. Table 1 shows some utility prices for var- 
ious fossil l fuels in.different localities. These are 1975 Drives, which, of 
course, hava changed. ^HowsVer, the figures do show that* fuel ^osts^an vary* 
considerably, according to lopation. * 



TABLE 1. UTILITY PRICES FOR FOSSIL-FUELS IN 1975 & 
(Dollars per /Trillion Btus). 



Region 


Natural Gas* 


Fuel £il 


Coal • 


New England 
Mfddle Atlantic 
* West (rfor.th central) 
West (south centraT) 
Mountain N 
Pacific * 


1.13 

0744 
0.63 
0.67 
0.84 


2.04\ 
2.05 • y 
1 .85 
1.83 S 
1.98 
2.35 


1.35 

1.05T 
0.58 
0.21 
0.31 
0*58 • 



The prices showrfjare expressed in terms of dollars per million Btjjs of 
v thermal energy in the fuel - which is a widely uSed measure of fuel cojst. 

Fuel prices tend 'to be high in New England and relatively low. in the 
Western. Unj ted States. Natural gas, for example, vJries over the range of 0.44 
to 1.13 dollars per roillitm Btus - almost a factor of three. 
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In many areas, natural gas is the least expensive fuel; but because of sup- 
ply limitations, it generally is not used in large electrical generating plants. 
Supplies of natural gas to large customers are often interruptible , that -is, 
they can be cut off when the demand for natural gas is large. For these rea- 
sons, coal may still be used - even in areas where natural gas is cheaper than 
coal . 

In virtually all areas, fuel oil is more expensive than coal. In the 
southwestern central region, it is a? much as eight times as expensive. .More-( 
over, since 1975, there have been many increases in the world price of oil. 
This makes oil even less attractive as a fuel for large electrical plants. 
Thus, coal is favored over oil, and most large generating plants are coal-fired 
.plants. 

Basically, the comparison of plant costs becomes a comparison between coal- 
fired plants. A coal-fired plant may have a. furnace that can burn other fuels 
( such as natura 1- gas^when the^-a re-awi-UM e-at- a-cos t- less-th&n-coa 1 ^- - Then 
the plant can switch fuels according to price and availability. 

Table 2 shows a comparison of plant costs for a large (940 megawatt) gen- 
erating plant based on coal and nuclear power. Tjjese numbers are estimates and 
will vary according to location, amount of pollution controls required, and so 
forth. The estimates in Table 2, taken from 1977 figures, have changed; how- 
ever they do show some of the general features. 

TABLE 2. COMPARISON OF COSTS FOR NUCLEAR ANtf COAL-FIRED PLANTS 

(970 Megawatt). 



T#ue of Cost 


Coal -Fired 
Plant 


Nuclear 
Plant 


-Total cost of plant ($) 


190 x,10 6 


240 x 10 6 


Cost of electricity 






s (cents/kWh) 


• 




Cost for plant investment 


0.50 


0.63 


* * 

Operation and maintenance 


0.03 


0.04 


Fuel , ' v 


0.41 


0.19 


Total cost < X 


0.94 


.. If. 86 


J 4 
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The'capital investment for a nuclear, plant tends to* be higher than that 
for a coal plant. The operating cost for a nuclear plant tends to be lower, 
mainly because of l^wer fuel cost. Thus, the total cost of producing the elec- 
trical power, approximately 0.9<t per kilowatt hour, tends to be comparable. 

An exafit comparison/ of whether coal -fired nuclear plants are less expeiv 
sive depends on exact circumstances, but the istimates in Table 2 show some of 
the major contributions to the cost of generating electrical power. 

HWROELECTRK PLANTS ' \ 

Hydroelectric plants use the'energy of falling water as it drops through a 
vertical distance. The vertical distance is called the head. The head must be 
reasonably large in order to produce power economically; thus, only certain 
sites are suitable for hydroelectric plants. Obvious choices are areas near 
waterfalls, such as Niagara Falls. However, other areas, such as where "a river 
4s drop^ing-ra pidly, could b e-stritafrhe— -even-wi th o ut a ny wterfait; — Dams~are ~ 
often constructed to increase the head and to provide a reservoir of water 
which can be used to compensate for seasonal variations in^ater flow. 

In the United States, hydroelectric power provided a major portion of the 
electrical power in the early 1900s - at times supplying more than 402. In more 
recent years, the technology of steam turbines and boilers has advanced. The 
efficiency of steam systems has increased, and very large steam turbine gener- 
ating systems have been developed* And, many of the most desirable s^tes for 
hydroelectric generation have been used. These factors have lead to a decrease 
in the fraction of electrical power that 1 is generated by "hydroelectric plants. 
In the late 1970s, less than 15% of the electrical , power in the United States . 
was generated by hydroelectric plants; and it is likely that this fraction of 
power will decrease further. The fraction of electrical power produced in this 
way varies widely from one section of the country to another. For instance, 
hydroelectric power is a major factor in places such as the Pacific Northwest 
and the Tennessee -Riyer Valley area, but it is a very small factor in .areas 
such as New England and Florida. 

"Hydrpelectric power is the major source of electricity in certain countries 
that have an abundance of gopd sites. These countries include Norway, Sweden, 
Switzerland, and Canada. In all these countries, more than 80% of the electri- 
cal power i$ produced by hydroe]ectrfc plants. 
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Hydroelectric generation of electricity has many advantages when compared 
sto fossil-fuel or nuclear generating plants. These advantages include the fol- 
lowing: , " ' * 

« 

• No use of fossil fuels 
% • No radioactive waste 

• No air pollution % 

• Low cost of operation 

• Use of a renewable energy source 

• Reservoirs having other uses, such as recreation 
and flood control 

Thus^ hydroelectric generating plants are used in many parts of the United 
States to produce electricity at a' cost lower than that of electricity from 
fossil -fuels or nuclear reactors. There are some disadvantages, however, in- ■ 
cluding^the following: 

• Limited site selection, with most of the best sites already in use 

• Tendency for best sites to be remote from population centers so that 
transmission over greater distances is needed 

• Dependence on water flow, with reduced output .in times of drought 
. • High initial construction cost 

• Possible loss of farmland or decrease of scenic values 

A hydroelectric generating plant is illustrated in Figure 7 . This diagram 
shows a system with a high. head', generated by a reservoir behind a high dam. 
Water is conducted from the .upper part of the reservoir through a closed con- 
duit called a penstock. The penstock may be constructed of welded steel plartes, 
and there may be one penstock for each turbine; or there may be a Single pen- 
stock which splits into 'branches for the different turbines. Typically, there 
will be a valve for the penstock so the turbines can be shut down for mainte- 
nance: . ' • ' 

The power plant will be located at the base of the dam. -Water falling 
through the penstock drives hydrauliG turbines - which, in turn, drive electric 
generators. The hydraulic turbine was .described in detail in Module EP-06. ; 

In a variation Called the pumped storage hydroelectric plant, water is 
pumped" to higher elevations during periods of low electrical demand. Then,' 



\ 
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during periods of high 
demand, the water is 
released to provide a 
larger head and more 
generating capacity. 

The cost of gen- 
era ting hydroelectric 
pdwlr depends on the 
'size_ of dam that is 
needed*. The cost may • • 
be less in some moun- 
tainous regions where . 
a narrow gor|e may be 

dammed with a relatively 

r 

small dam 

*\ Because of the cost of the dam, the initial capital expense will probably 
be higher than for a nuclear reactor system or a fossil -fuel system of the same 
size. 

On the other hand, the operating expenses will be much less, perhaps as low 
as one-tenth of the operating cost of a nuclear or .fossil -.fuel, system. This is 
largely .because no fuel (uraoium or fossil -fuel) is used. 

The total effect is that, in most cases, electWal power jjjwjduced J)y hydro- 
electric* plants is less expensive than electrical power from nuclear or fossil-^ 
fuel plants. The reduced operating costs more, than offset the higher charges _ 
to pay off the initial investment. 



Figure 7. Schematic Diagram of Hydroelectric 
, Generating Facility. 
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INTERNAL^ COMBUST! ON EUG1UE PlMfTS 

Another* method for generating electricity involves driving the current ger 
erator with an internal combustion engine. 'The* internal combustion engine 
drives a rotating shaft, as in tfn automobile. ' The rotating shaft then drives 
the rotating^armature in the current generator. The electrical generator in a 
system driven by an internal combustion engine is essentially the same as that 
used in any other electrical plant. It is the squrce of energy used to drive 
the generator that- is different. The steam turbine,' or hydraulic turbine, is 
replace^bby the internal combustion engine.- 
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The internal combustion engine can be eiwer a diesel e/igine or a gasoline 
engine. Gasoline engines can be used for.electVic generation when the require- 
ments are quite small - for example, an individual farm or lake cabin. Most 
internal combustion electrical generating plants Af considerable size use die- 
sel engines. As compared to gasoline driven systems, diesel systems offer 
higher efficiency and lower friel cost. For the remainder of this section of 
the module, it will be assumed that the internal cdmbustion engine is a diesel '« 
engine, Diesel engines were 'described fully in Module EP-05, 

The use of diesel engines for electrical power generation in reasonably 
small systems offers several advantages, Diesel engine systems have shorter 
start-up times, as compared to steam systems which ta\e a long time to build up 
to a peak output. Small diesel -based systems that ude up to a few thousand 
kilowatts are more efficient and less expensive than steam-based systems of 
the same size. 

i / 

For larger systems, with requirements greater than several thousand kilo- 
watts, steam-based plants reach efficiencies as>high as those of diesel-based 
plants. In addition, the cost of large steam-based plants is less than that of ( 

•r 

large diesel-based plants. 

Thus, internal combustion engine electrical plants are preferable up to 
a certain maximum size, above which steam-based plants are preferable. This 
laximum size is in the range of 5000 to 10,000 kilowatts, 

Within this size limitation, there are many practical applications for 
diesel-based electrical plants. For example, they are used for electrical 
power generation by many small communities in facilities such as hospitals, 
hotels, and industrial plants. They can be used for reasons of economy or for 
reasons of reliability. Some large users find it less expensive to generate 
their cwn electricity than to buy it from the local "utility^ And, because die- 
sel generating plants are reliable^ some facilities (such as hospitals) prefer, 
to have their own electrical power. In addition, such facilities may have back- 
up diesel systems which, are used for emergency power in the event of v a power 
failure. The shurt start-up time of diesel-based systems is convenient for 
this use. 

Moreover, large utilities often have diesel systems which are used when 
the power demands approach the capacity of the steam turbine part of the system. 

/ 

EP-07/Page 17 

ER?C ' — f 23? *■ 



\ 



Steam turbines routinely supply the power urtder mQSt conditions. When power 
demand becomes very higft, the diesel systems are started and used to supplement 
the steam turbines until the demand decreases. This application takes advantage 
of the short start-up time for diesel engine electrical generating systems. 

• In summary, many internal combustion engine plants are in use for the gen- 
eration of electricity, some ranging in size up to a maximum size of around 
5000 to 10,000 kilowatts. ,Jn this size range, they are more efficient and more 
economical than steam' turbine plants. 

GENERATION OF VIRECT CURRENT POWER 



The methods for generating a.c. electrical power have alrj^dy been dis- 
cussed' It lVpossible to use similar methods to produce d.c. V electrical power. 
,A coil of wire rotates in a magnetic field, as illustrated in Figure 8. This 

can be compared to Figure 



OUTPUT 




AXIS OF 
ROTATION 



MAGNETIC 
FIELD , 



SUP RING 



4b. k sinusotdat"atterTrat L 
ing voltage is 'generated 
in the coil . The coil is 
attached to a split-ring. 
. At the time when the direc- 
tion of the voltage in the 
coil changes direction, the 
connection of the split 
ring to the external cir- 
, cuit is also reversed. 
Thus, the direction of the 
voltage and current in the external circuit remains the same. In other words, 
' this type of g^erator|>roduces direct current. 

In its construction of coils, rotor, magnets, and so forth, the d.c. gen- 
erator is verisimilar Ao the a.c. generator. The main difference is the use 
of the split ring, which is, called a commutator. The single coil illustrated 
in Figure 8 will produce^direct current in which the" power fluctuates. If a 
number Of coils are connected to' a number of commutators t the fluctuations can 
1 almost be eliminated. ' 



Figure 8. -Direct Current Generator. 
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A second method for producing d.c. power is to rectify a.c. power.. This 
is done with rectifiers which pass electrical current in only one direction. 
For most modern applications, silicon-controlled rectifiers are employed. V 

Direct current is^often used in industry specifically to operate d.c. 
motors since d.c. motors are capable of operation at precisely controlled 
speeds - more so than a.c. motors. This i$ one of the most important modern 
uses of direct current. The direct current is oftgn generated locally in' the 
industrial plant where it is used. 

Some early commercial generation and distribution' systems in the 1800s 
used direct current,- but almost all have been supplanted by a,.c. systems. A 
few, small d.c. networks survive, mostly in Europe; and -a number of high volt- 
age d.c. systems exist for long distance transmission of electricity. In modern 
distribution of electricity from the utility to the customer, almost all cus- 
tomers receive a.c. power. 

> 

BATTERIES 
t 

Batteries are devices that convert chemical energy into electric energy. 
The term "battery" strictly applies to two or more electrochemical cells that 
are connected together. But in common usage, the term "battery" is also applied 
.to single.^electric cells, such as flashlight batteries. 

This section of the modgle first discusses the principles of electrochem- 
ical generation of electricity and then the conventional types of batteries 
> that are now in use for many applications requiring a, source of electrical 
power. These batteries are especially adaptable to situations where electrical 
power would not otherwise be easily available/fsucfj as in automobiles) . The 
module concludes witn a discussion of tfevel/Jpmenta f and'-experimentaT batteries* 

( * 
PRINCIPLES OF ELECTROCHEMICAL ENERGY GENERATION 

An electrical cell consists of two electrodes of ^dissimilar material which 
are immersed in an electrically conductive material. The conductive material 
may be solid or liquid. 

At one electrode (the anode, which is the negatively charged electrode), a 
chemical reaction occurs between the electrode and the electrolyte. In the 

• ' . \ 
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chemical reaction, the electrode, which is usually a metal, As oxidized, and , 
electrons are released. For a zinc electrode, a possible rfr actig n would be the 
following: 



Zn + 2 OH" : * Zn 0 + H 2 0 + e" ' Equatj^fi 6 

This reaction uses OH" ions from the electrolyte and releases free 1 electrons. 

At the other electrode (the cathode, which is the positively charged elec- 
trode), electrons recombine during the chemical reaction. The material of the 
cathode, which is often a metal oxide, is reduced/ A reaction involying a man- 
ganese ojpde cathode could be the following: 



Mn0 2 + 2e" + 2 H 2 0 



Mn(0H) 2 + 2 OH" 



Equation 7 



Thus, water is produced at the anode and used up at the cathode. Hydroxy 1 n^ns 
(OH") are produced at the cathode .and used up at the anode. j^They migrate 
through the electrolyte from'one electrode to the other. In the reactions, the 
materials of the electrodes are gradually used up. Wh£n the materials £re con- 
sumed, the chemical reactions cease, and the battery is dead. 

If the anode and cathode are con- 



ELECJROtCFLOW 
^ 



ANODE 



CATHOOE 



ION FLOW 



4- 



ELECTROLYTE 

Figure 9. Diagram of Electric Cell 



nected through a wire, electrons will + 
flow through the wire from the anode to 
the cathode. In this way, the energy 
'produced in the chemical reactions is 
, transformed into electrical current. A' 
schematic diagram fs shown in Figure 9. 

CONVENTIONAL BATTERIES 

There are many types of ^batteries . 
in use today. Familiar examples are 
automobile batteries and flashlight 
batteries. Batteries can be divided 
into two general classes: primary bat- 
teries and secondary storage batteries. 
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Primary batteries are produced with high energy chemical compounds. The 
energy is withdrawn later as electrical current.' The batteries are sold in a 
charged state, are used, and. the are discarded without recharging. Primary 
batteries should not be recharged. Attempts to recharge primary batteries Kfi 11 
yield poor results, and it may be dangerous to do so. Attempting to recharge a 
primary battery can possibly produce gas buildup inside the battery and lead to 
an explosion. 

■Secondary batteries are intended for recharging. They are constructed of 
different materials than primary batteries and have different electrode designs 
to facilitate recharging. These are commonly called storage batteries. Elec- 
tricity is produced elsewhere (as in a generator) and is stored in the battery 
until it is to be used. 

There are valid applications for both primary and secondary batteries. 
Primary batteries may be. used when the following conditions are applicable: 



• Portability and convenience are important (such aS-a flashlight) 
' Electrical power for recharging is not available v 

• Reserve stand-by power is desirable for long periods of time }$uch as~ 
emergency lights) 

Secondary storage batterie^Sh^ useful under the following conditions: 

• The battery is a prime power source and many charge-discharge 5yd es 
are needed (such as automotive use) 

. • Relatively high-power requirements must be supplied 

• Long periods of loVcurrent operation followed by recharge are needed ■ 
(such as buoys) . " * 

Jhe most familiar .type of primary battery is the Leclanche cell. -This 
.cell uses a zinc anode, \ manganese dioxide cathode, and an electrolyte of 
ammonium chloride and zinc chloride in a water solution. In addition, a carbon 
rod is often used as a cun^ent collector at the cathode. A schematic diagram 
is shown in Figure 10. ThisN^pe^of cell h familiar as tfre common flashlight 
battery. ; The relevant reactions by which the electricity is produced were 
presented in Equations 6 and 7. * 

Table 3 lists some of the types of primary batteries that are commercially 
available.. The first system is the Leclanche cell. Other systems use an elec- 
trolyte consisting of potassiurti hydroxide in, water. These batteries, called 

*. 
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alkaline batteries, generally offer 
higher efficiency and perform better 
than Leclanche cells. .They are more 



CARSON ROO 

Figure 40. Diagram of Leclanche Cell 
ThS energy density is also listed. 



Table* 3 lists the 'voltages of 
the cells in commercial primary bat- 
teries. All available cell voltages 
lie within narrow limits. ^Jn order 
to achieve higher voltages, a number 
vf 4fcLs are*- connected in' series. 
This fs tne'energy that can be extracted * 
-Obviously* high values are desirable. Many 



from a batteny of "a given weight, 
experimental and developmental efforts are devoted to increasing the energy den 
srty. ' 



TABLE 3. COMMERCIAL PRIMARY BJ^TERIES, 



Negative < 
Electrode 


" Positive 
im Electrode 


Electrolyte 


Voltage 
Per Cell 


Energy 
Density 
(Wh/lb). 


Zinc 


Manganese 
dioxide 

ft , 


Ammonium 
cloride- 
zinc * 
cloride 


1.5 


^ 5-40 


Zi nc 


-Manganese 
. dioxid^ . 


Pofossium 
hydroxide ~. 
in water 


1.5 . 


y 

20-40 


Z-i nc 

( , 


Mercur^f^ 
oxider\ . 


Potassium 
hydroxide 
in water 


1.35 


10-50 


■Zinc , ■ 


•tfxide , * 


Potassium 
• hydroxide 
in water 


1.5 


30-60 



After primary batteries are discharged, they are discarded. Secondary', 
batteries can be reihargfed by. forcing an electrical current through the battery 
The charging current flows tn the opposite di recti dn to the" current extracted 
from the battery during usV Rechargable secondary storage batteries can be 
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recharged jnany times, perhaps up to hundreds or thousands of times. They are • 
constructed of different materials than the primary cells. Probably the most 
familiar of the secondary batteries is the lead-acid battery, which is comrapnly ^ 
used- for automotive use- This battery often has six cells connected '|n series 
to provide an output of 12 volts. The negative electrode is lead, and the pos- 
itive electrode is le^d oxide- The electrolyte is sulfuric acid in water, 
which dissociates .to produce hydrogen (H + ) ions'and sulfate (SOtT) ions. At 
the negative electrode, a porous, or spongy, lead pJa^eHs converted to lead 
sulfate in the following reaction: 



Pb + S(V 



Pb SOu + 2e" 



Equation 8 




At. the positive electrode, lead oxide is converted- to lead sulfate in the 
following reaction: . 



PbOf + 4 H + + SOr + 2 e" 



2H 2 0 + PbS0 4 



Equation 9 



Tbe^ectrons flow thrqugh the wire in an external circuit and provide electri- 
caY^o'wer. The, water produced in Equi^tion 9 dilutes the sulfuric acid solu^foa 
and lowers its specific gravity. Thus, the specific gravity of the electrolyte 
can be measured to determine the status of the battery charge. ^ 

During recharging, electrical current 'fltiws in the opposite direction, and 
lead sulfate is reconverted into -spongy lead by the following reaction: . 



Pb- S0 4 + 2 e" 



Pb + S(V 



* v Equation 10 



IERJC 



Lead o*ide is produced in the fori lowing reaction: * 

>* 

2 H 2 0 + Pb SOi, ► Pb 0 2 + 4 H + ,+ S0 4 = + 2e" \ Equation 11 



These reactions use up water atid strengthen the sulfuric acid solution, 
increasing its specific gravity . 

* ' Th,e common method of construction for lead-acid batteries is to use flat 
plates "of lead and lead-oxide, suspended vertically in the liquid electro-lyte. 
Pos-itiv| and negative plates alternate and are kept apart by insulating sepa- 
rators. * * ' I 
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Lead-acid batteries (are used in industry for standby power, for emergency 
lighting-, and for powering security alarm systems/ The most important applica- 
tion of 1-ead-acid batteries is to provide the power to, start internal combus- 
tion engines. Typically, such a. battery will consist of six cells (six posi- 
tive plates and six negative plates), all being contained within a common case 
and providing an output voltage of 12 volts. Lead-acid batteries with capaci- 
ties in the range of 60 to 100 ampere hours are very common to automt/tTve^bse. 
Very large banks of lead-acid batteries (up tk millions of watt-hours) have 
been employed for propulsion of submari^s. 

Table 4 presents some of the commercially available. secondary batteries. 
The first entry is the lead-acid .battery discussed above. The second entry is 
the nickel -cadmium battery, whtch is commonly u#es as a rechargabl^ battery in 
electronic calculator^ and similar applications. The following reactions occur 
during discharge and are reversed during recharging: j 



Anode 



Lead 

Cadmium * 
Iron 

Cadmium* 



Cd + 2 OH" 



Ni 00H + H + e" 



Cd(0H) 2 +2e' 



Ni,(0H) 2 



TABLE 4. COMMERCIAL SECONDARY BATTERIES, 



Cathode 



Lead 
dioxide 



Nickel 
hydroxide 



Nickel 
hydroxide 



Silver 
oxide 



Electrolyte 



Sulfuric acid 
in water 

Potassium 
'hydroxide 
in water 

Potassium 
hydroxide 
in water 

Potassium 
hydroxide 
in water 



Voltage 
PeV Cell 



2.0 



1.25 / 



1^ 



1.4 



Equation 12 
Equation 13 



Energy 
Density 
(Wh/lb) 



10-15 



12-20 



,8-14 



22-34 



Rage 24/EP-O? 



^ The range of voltages for single cells is limited, and cells are connected 
in sertas to produce higher vdltages.- The Energy densi-ty - watt-hours per , 
pound -Ms an important characteristic. \ ^ 

QEVELQPMEhlTAL AND EXPERIMENTAL BATTERIES 

Many additional types of electrochemical energy systems are under develop- 
ment. The main emphasis is to provide batteries that have higher values of en- 
ergy storage density than the conventional batteries described above. Such bat- 
teries could store much larger quantities of lelectrical energy than conventional 
% batteries of the same size and weight. One important application could be elec- 
tric propulsion of vehicles. They would also Ibe^'useful for load-leveling by 
utility companies. (Load-leveling refers to cWrging storage batteries during # 
•periods of low demand for^ electrical power, ancj then drawing power from the bat- 
^eri££.jiurj^ batteries are also desired for 

improved portable tools and communications equipment. Conventional batteries 
are limited to<cell voltages in the 1-V to ?-V r^ange. Batteries with higher 
celT voltage are also desired. / 

Table 5 lists some of £he leading ma/erials that coutd possibly improve 
batteries. There are many other experimental electrochemical systems, but the 
table does show some of the most impoftant types. \ 

The first entry, ,the air batteryr offers high energy/ density. It has been 
used in some practical applications for railroad sighalirtg. The cathode mate- 
rial is atmospheric opcygen, which is absorbed at a porous carbon structure. 
The cathode reaction /is as follows:- 

0 2 + 2 H 2 0 + 4 e" ► 4 Off ~ ' Equation 14 

Air batteries -with an iron anode are also under development. 

Air batteries have been limited by the fact that^ current can only be drawn 
from them slbtfly. Research is underway to increase trie discharge rate and pro- 
vide higher currents.- The air battery is a primary battery, whereas most of 
.* the other batteries listed in Table 5 are secondary storage batteries. 
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TABLE 5. DEVELOPMENTAL AND EXPERIMENTAL BATTERY TYPES. 



Type 


Anode 


Cathode 


Electrolyte 


Voltage 
Per Cell 


. Energy 
Dens i ty 
(Wh/lb) 


. Status 


Air 


Zinc. 


Oxygen 

N 


witer, solu- 
tion of potas- 
— s-i urn- hydroxide 

t 


1.25 


. 80-100 


Fa'irly well 
developed 


i 

Zinc- 
cholor- 

ine 


Zinc 


Chlorine 
hydrate 


Zinc chloride 
in wat6r . 

.* ■ 


2.12 


High 


Not yet 
practical 


jOQ 1 UIH-^ 

sulfur 


rlU I Lcll 


Sodium 
poly- 
sulfide 


Cnl l H mpm — 

1 1 U IHCIH 

brane of 

alumina 

ceramic 


2 


100-150 


Developmental * 


Lithium- 
sulfur 


Lithium 
metal 
alloy 


Iron 
sulfide 


Molten salt 
lithiip ' 
chloride and 
potassium 
chloride 


2.3 


125 * 

* 


Developmental 


Lithium- 
sulfur 
dioxide 


^Lithium 


Liquid 
sulfur 
dioxide 




2.8 


120 • 


Beginning to 
reach prac- 
tical use % 


Redox 


Watir 
solu- 
tion of 
TiCV 
« TiClfr 


Water 
solution 
of FeCl 2 " 
FeCl 3 


Part of 
cathode and 
anodkP 
- solutions 


L 


High' 


Very 'early 
development 



. The zinc-ctflorine battery uses a cathode of chlorine hydrate (Cl 2 # 6 H 2 0). 
The chlorine is contained in a porous- titanium, structure to -form the cathode. 
The electrolyte must be circulated during discharge. Zinc is iremoved at the 
anode, and it enters the electrolyte as zinc ions. Chl : 6rine is removed at the 

cathode, and it 'enters the electrolyte as chlorine ions. During recharge? zinc 

» 

and chlorine are redeposited on the electrodes. The zinc-chlorine battery 
offers considerable promise, but further development is needed to produce more 
practical batteries* 

Most^of the batteries described so far use electrolytes which contain wa- 
ter. This fact limits the types of metals\hat can be used as Electrodes. 
Research is being done on systems with electrolytes that do not contain water. 
Such systems could use reactive metals such as sodium or lithium. Higher val- 
ues of cell voltage could, then be achieved. 

The sodium-sulfur battery uses an anode of molten sodium. The temperature 
must be maintained around 300°C. Sodium diffuses through the alumina membrane 
during discharge to form sodium polysulfide. During recharge, the compound is 
broken up into sodium and sulfur. , - 

' Because of its very high energy density, the sodium-sulfur battery's under 
development for utility load-leveling and vehicle propulsion. It has not 
reached the stage of practical usage because of its high cost. Research is 
aimed" at reducing the cost. Another problem for vehicle propulsion is the pos- 
sible release of hot corrosive* sodium in an automobile crash. * 

The lithium-sulfur battery is art example of a system that uses a molten 
salt as an electrolyte. It offer's high energy density and operates at a temper- 
ature of 400 to 500°C. This type of battery is potentially useful for vehicle 
propulsion and for utility load-level ing; . but again,, the problems are sjnr.Il.dr~ 
to the sodium-sulfur system^ 

Essentially, th£ lithium-sulfur dioxide system dispenses with an electro- 
lyte by having the liquid sulfur dioxide cathode in direct contact with the 
lithium electrode. Development of these cells is aimed at producing small dells 
similar to flashlight batteries, but with much higher .power density. 

Redox cells .involve two fluids that are circulated by pumps through a cell 
'which has two compartments, one for each fluid.. The compartments are separated . 
by a selective membrane which allows passage of selected ions. During discharge, 
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the Fe 3 * ions are reduced to Fe 2+ , and the%titaniunvion is oxidized (Ti 3+ to 
Ti**" 1 ") Hence the name "redox" (reduetion-oxidatio,n) . 

During, recharge, the reactions are reversed. The solutions are combination 
electrodes and electrolytes. The redox cell can.be useful for storing large 
quantities of electricity ^and for utility load-leveling; however, its develop- 
ment is in a very early stage. • ■ ' 

* . * 

This discussion of developmental batteries will, give an, idea of some of 
the main thrusts of research and development fqr producing /improved batteries. 
Useful batteries for storage of Jaipge amounts of electricity can be produced if 
problems can be researched and overcome. Some of the problems include high 
cost of production; development of suitable materials, containers, and^seals 
for use with corrosive materials (such" as sodium and >1 i thium) ; lack of reproduc- 
ibility; and relatively short life for some of the systems. 

FUEL CELLS ( \ 

A fuel cell is defined as "a continuous electric cell which uses the chemical 
combustion of a fuel (such as hydrogen) td generate* electricity directly, with- 
out the intermediate step of , heat* generation. " ^The fuel fs combined with oxy- 
gen, but it does not burn with ah open flame. Instead/ 'it reacts chemically at 
an electrode, which acts a catalyst to promote the reaction^ 

Fuel cells, like batteries, convert chemical energy into electrical energy. 
They rely on chemical reactions that occur a^t electrodes and' liberate free elec- 
trons that flow in. an external circuit in order to yield an electric current. 
An electrolyte is also used. I/i th.ese^^pects, a fuel cell' is very similar to 
a battery. For some purposes^ a fuel eel 1 is sbmetimes considered to be a type , 
of battery. ' 

In other ways,' fuel cells are* very different from the batteries that were 
described earlier .y The chemical reaction involves a fuel and an oxidizer (oxy- . 
gen) which flow into the cell, usually as gases". Essentially, the fuel is 
burned, and the combustion products are removed. Unlike the elecfnk^s in bat- 
teries described earlier, ^the electrodes are not" consumed; rather ,*they act as 
catalysts for the chemical reaction. ^ • 

Because of ttjese significant differences, .the fuel cell is usually regarded 
as a separate type of electrical generating system, rather than as another type 
of battery. 
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The fuel cell burns conventional fuels - such as gaseous fossil fuels oj? 
hydrogen - by combining them with an oxidizer (air or oxygen). It is a contin- 
uous process, operating as long as the fuel and oxidizer are supplied. This 
process generates low-tfoltage, d.c. electrical power. 

The basic fuel cell reaction is usually the burning of hydrogen, a£ in the 
following reaction: — — — j — — ^ 

2H 2 + 0 2 * 2 H 2 0 Equation 15 

The hydrogen and oxygen are -supplied as gases, and the water is usually formed 
as a liquid. This reaction i's-also the beginning of the conventional fossil- 
fuel, steam turbine generating cycle. In that cycle, fuel is burned to produce 
heat ... which makes steam, which drives a turbine, which drives the generator. 
In the fuel cell, this process is bypassed: the electrical current is generated 
directly in the chemical reaction. v The advantage of the use of the fuel cell 
is that the efficiency is higher than if the same fuel were burned to produce 
heat in a conventional steam cycle. ' , 

Tn a fuel cell, there is an anode at which the hydrogen is oxidized and 
free electrons are liberated. In addition, there is a cathode at which the 
oxygen reacts and the free electrons recombine^As in a battery, if a wire 
connects these electrodes, celectrical current will flow in the external cir- 
cuit. An electrolyte is in contact with the anode and cathode, and ions mi- 
grate through the electrolyte. 

Specifically, for one type of system that uses an electrolyte that con- 
tains carbonate ions (C0 3 = ), the>eaction (at the anode) is the following: 

H 2 + C0 3 = **K 2 0 + C0 2 + 2 e" Equation 16 

At the cathode, the reaction is as follows: 

0 2 + 2 C0 2 + 4.e" ^2>C0 3 = Equation 17 

The net effect of .these two reactions is to combine hydrogen and oxygen 
to form water, in accordance with Equation 15. 
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Figure 1 1 



ELECTPOOES 

Schematic* Diagram of Fuel tell 



ELECTRON FLOW 

A schematic diagram of 
a fuel cell is shown in Fig- 
ure 11. The fuel and oxy- 
gen flow into the cell and * 
diffuse through porous elec- 

trodes_. Tfie reactions occur 

on the inside surface of the 
electrodes, where the gas, 
the electrode, and the elec- 
trolyte are all in^ contact. 

The prototype X)f mod- 
ern fuel te]ls is th^ Bacon 
cell, which was named after its inventor. 
This cell operated a*t a temperature around 
♦ orcuuting * 200 ° c and had " a liquid potassium hydroxide 

KOH 

electrolyte .el ectrolyte and nickel electrodes with fine 
pores. A schematic diagrayn is shown in Fig- 
ure 12. This cell produced a voltage of 
approximatley 0.7 volt and provided an * 
electrical current of 750 amperes for each 
square foot of electrode area. The develop- 
<^ meht of this type pf fuel cell in the 1950s 

generated great enthysijism and lead to con- 
tinued development of fuel cells. 

Fuel cells were developed for practi- 
cal application in the space program. Fuel 
cells were used with great success, pn the* 
/• s Gemini andi Apo-llo space missions because 

, they were well suited to-prov44-ing~electricat^p^er -for 4>er-i-ods-of around two 
weeks under conditions where low weight was important but where cost wasnot of 
great importance. The fuel cells for the space program provided a reliable^ 
electrical power with high energy storage per unit weight; but the cost was 
relatively high. 
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Figure 12. Diagram of Bacon- 
Type Fuel Cell . 
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After the successful application of fuel cells in. the space program, atten- 
tion turned to possible uses of fuel cells for terrestial applications. One 
desirable application could be for vehicle propulsion. Experimental units have 
been used to power trucks and automobiles. Fuel cell systems have been devel- 
oped by many organizations. Some have been demonstrated to produce several' 
ki Towatts- of- power v -others have-demonstrated lifetimes up. to.JQ,0Q0. Jjours.. 

However, despite fairly large efforts, fuel cells have not yet been suc- 
cessful for ground-based applications. The main problem has beep the high cost 
Cost was not a prime consideration in fuel cells for the space program^ but it 
is extremely important for applications such as f vehicle propulsion. Despite 
intensive efforts, the cost of fuel-cell systems remains too high for them to 
be economically attractive at this time. There are other improvements that are 
needed, such as improved lifetime development of units that can produce higher 
powers and Improved catalytic materials for electrodes. For low-cost opera- 
tion, the fuel cells must use gases that heed -1 ittle- purification. For exam- 
ple, air, rather than oxygen, should'be the'oxidizer^Jn^ in this 
area are also needed. Thus, the status -of fuel cells remains as follows: they 
are still developmental, and practical applications are lacking. 

A few types of fuel cells that are being studied are shown in Table 6. 
This is not a complete list, bufe^ther a sample t which shows th^ types of mate- 
rial that are being studied. The high temperature fueTcellQs .significant. 
At -high temperatures, the catalyst material can be more simple and less expen- 
sive than catalysts needed for lower temperature operation. Because the cost 
of the catalyst is high, this type of fuel cell, can possibly be constructed at 
a reduced 1 price. 

Fuel cells could be desirable energy sources. Fuel cells using hydrogen ■ 
would conserve fossil- fuels and would be a renewable energy 'source. They are 
compatible with many applications, including vehicle propulsion, domestic air 
conditioning, generation of heat and electricity within a home, and as a supple 
ment to conventional electrical power plants. For generation of electricity* 
they offer a higher efficiency of conversion of the thermal energy of the fuel 
to electrical energy, as compared to conventional electrical generation. 

i 
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TABLE 6. SOME TYPES OF* FUEL CELLS UNDER DEVELOPMENT. 





Gases Used 


Electrolyte 


Electrodes 


Temperature of 
Operation (°C) 


Aqueous 
1 'electrolyte 


Hydrogen and 
~ oxygen 


Potassium 
hydroxide 
in water 


NickeT 


25 


-'</ — ' 

Aqueous 
electrolyte 


Hydrogen 
containing 
gas and air 


SulfOric 
, acid in 
water 


Tungsten 
carbide 


25 


High 
temperature 


Hydrogen - 
containing 
■gas and air 


Molten 
carbonate 
salts 


Nickel or 
silver 


650 


Ammonia 


Ammonia and 
oxygen 


Potassium 
hydroxide 


Platinum 
containing u 

materials 


140 



PHOTOVOLTAIC GENERATION OF ELECTRIC By 

Photovoltaic generation of electricity involves direct conversion of the 
energy from sunlight into electrical energy. Module EP-03 discussed generation 
of steam and hot water using solar collectors. High temperature solar collec- 
tor systems can generate steam which can drive. a steam turbine and generate 
electricity in a conventional cycle. In photovoltaic generation, ielectricity 
is produced directly when the light is absorbed in a semiconductor material. 
There is no need to generate heat or Steam. 
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PRINCIPLES OF* OPERATION . ' * 

The photovoltaic effect in semiconductors is the basis for the direct gen- 
eration of electricity from sunlight. The photovoltaic effect is described in 
physics courses that the student has studied; but, for completeness, it will be 
briefly -reviewed here. 

The energy states available to electrons in a semiconductor, such as sili- 
'con, are not: continuous; rather, they have a region called the energy gap in - 
whiph there are no energy states. The width of the energy gap varies from one 
semiconductor to another*. The presence of the energy gap affects the electri- 
cal' properties of the mater/al, and is, in fact, what makes them semiconductors. 
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Electrons in the valence band, which lies below the energy gap, are not free 
to move^and cannot contribute to electrical conductivity. .Electrons in the 
conduction band above the energy gap are free to move and can produce electrical 
conductivity. 

When light is absorbed in a semiconductor, the energy of the light can 
raise ^rv-electron across-^th^ energy gap, from-the^vaJjence.iiand..to: .ihejcoriduc- .... 
tion band. This produces a current carrier - an electron with a negative charge 
in the conduction band. This is called a hole. The hole can also be a current 
carrier that acts as if it -had a positive charge. The situation is shdwn sche- 
matically in Figure 13, which sftotfs the energy gap, the conduction Ad valence 
bands, and the motion of the charge carriers (electrons and holes) in an ap- 
plied* electric field. 

Electrical conductivity can 
also be produced in a semi conduc 
tor by doping the semiconductor^ 
with small amounts of impurity 
elements. In silicon, an ele- 
ment such as phosphorous contri- 
butes an electron to the conduc- 
tion band because the outer elec 
.tronic shell in phosphorous has 
five electrons, "as compared to 
four for silicon.' Such r a semi-, 
conductor is called N-type be- 
cause the current carriers are 
negative (electrons). 

An element such as boron 
contributes a-hole to the valence band -because the outer .electronic shell in 
borpn has only three electrons. Such a semiconductor is caMed P-type because, 
the current carriers are positive (holes). 

ft is possible to dope a semicondifetor to produce adjacent regions of P- 
type material and N-type material. The result is called a P-N junction, which 
is illustrated in Figure 14. % The 'energy bands in the region of a P-N junction 
are shown in Figure 14. The junction region itself is only a few micrometers 
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Figure 13.' Diagram of Energy Gap, Conduc- 
tion Band, Valence Band, and Current Car- 
riers in a Semiconductor. , " 



in width. One side is P-type material; the other si.de is N-type material. The 
conduction and valence bands change shape through the junction, as indicated. 
The band gap Ts denoted by Eg, and the dashed line shows the 1§vel to which the 
electronic states are filled. 

If light is absorbed near 
the junction region, it will 
raise an, electron frgm th6 va-. 
lence band to the .conduction 
band, producing an electron in 
the conduction band and a hole 
in the valence band. Jhe change 



\\\W 




a. Viltnct 8*nd 



JUNCTION 



REGION 



o. Conduction Sand 



in shape of the bands near the 



Figure 14. -Diagram of pVn Junction in 
a. Semiconductor. 



junction acts like a built-in 
electrical field and will cause 
the hole and electron to move, 
as indicated in Figure 14. This produces a flow of electrical ^current. 

This is the photovoltaic effect. Light is incident on a P-N junction in a 
semiconductor. Absorption of the light produces a flow of electrical current 
directly, a phenomenon that occurs without application of anylvoltage external 
to the, semiconductor. The energy of the light is turned directly into a flow 
*rf electrical current, without any intermediate stages such as production of < 
heat or steam. Electrical current generation, using P-N junctions in semicon- 
ductors and the photovoltaic effect, can, thus, convert energy from sunlight 
into electrical energy ^ * 



PHOTOVOLTAIC CELLS 

A diagram of a photovoltaic cell is Shown fn Figure 15. A substrate of P- 

^type semiconductor has a thin layer of N-type semiconductor." The P-type sem\- 

* „_ ,. 

conductor may be silicon, doped with a smal^ amount of an' element such- as boron 
or indium. The N-type semiconductor may be silicon-, doped with a small -amount 
of an element such as arsenic or-phosphorous. The narrow region between these 
two layers is called the junction region. This region is approximately one 
micrometer thick. v 
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SUNLIGHT 



If sunlight is incident 
0 off the ptatovol taic cell, 
free electrons and holes (de- 
noted by minus and plus signs 
^ respectively) will be produced 
by absorption of light energy 
near the junction region. 
Because of the photovoltaic 
effect, the carriers will 
move in the 'direction of the 
arrows. Electrical contacts 
are formed by deposit?!*^ thin 
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Figure 15. Diagram of Photovoltaic Cell 



metal films on the surface. The photovoltaic effect will cause electrical cur- 
rent to flow in a wire that connects the contacts. Thus, a photovoltaic cell 
is a generator of electrical current-and electrical power when jt is exposed to 
sunlight. 

The potential efficiency of solar cells is of~gr^jmportance. Because 
of the fact that solar Radiation is distributed over a wide range of wavelengths, 
the efficiency of any photovoltaic cell must be less than 100%. The spectral dis- 
tribution of energy in sunlight ^was shown in Figure 2 of Module EP-03. Light 
with long wavelength cannot excite free carriers and, thus, is ineffective 'in 
producing photovoltaic electrical power. Light of short wavelength can produces 
photovoltaic current, but each incoming photon produces one electron-hole pair. 
Any excess energy above the minimum needed to produce the electron-hole pair is 
lost. Only 'ligW^th photon energy nearly equal to the energy gap of 'the semi- 
conductor^: used with high efficiency. 

~XThe maximum possible efficiency for conversion of solar energy into elec- 
trical energy is a function of the energy gap of the -semiconductor . This is a 

result of the inevitable losses. The situation is illustrated in Figure 4S, 

which shows the maximum possible efficiency for photovoltaic conversion of sun- 
Yight versus- energy gap. The highest possible value is around 25%, near -an en- 
,ergy\gip of 1.4 electron volts. This is a' theoretical maximum value, setby 
the losses resulting from the mismatch of the ends of the solar spectrum \|ith 
the energy gap. If the engineering and construction of solar cells is le$s } 
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ENERGY GAP ( ELECTJpN* VOLTS ) 

Figure 16. Maximum Photovoltaic Conversion 
Efficiency Vs. Semiconductor Energy Gap. 



* than perfect, the conversion 
efficiency will be even less 
than the Jalue shown in Fig- 
ure 16. I 

^Figure 16 shows the en- 
ergy gaps of a number of semi- 
conductors^. The most popular 
and best de\feloped semiconduc- 
tor is silicon, having an en- 
ergy gap around 1.1 eV and a 
maximum possible efficiency 
around 20%. Other semiconduc- 
tors, such as GaAs and CdTe, 
have energy gaps closer to the 
maximum value ? and they^gould have higher conversion efficiency. 

Silicon'solar cells, .which have beea the subject of intense development, 
have been used in the space program. They take advantage of many technological 
developments involving silicon used in the electronics industry. The leading, 

candidate for solar photovoltaic en- 
ergy conversion i? silicon, despite 
the fact 'that it does Hot have thg 
highest possible value of efficiency. 

Figure 17 shows electrical char- 
acteristics for a typical silicon 
photovoltaic; cell . The top curve 
is -the open'circuit yoltage, and the 
lower curve is* the short circuit cur- 
rent. These outputs are -shown as 
versus the power per unft area deliv- 
ered by sunlight. (Remember that , 

solar power has a maximum value 

* 

around 1000 W/m 2 on the earth's sur- 




Figur/ 17. Output of Topical Silicon' 
Photovoltaic tell Vs. Incident Solar 
Illumination. / 



face, when the sun is directly ^ over- 
head.) 



i. 
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Silicon solar cells can be fabricated in large area configurations with 
efficiencies in the range of 10 to 12%. Higher efficiencies can be obtained 
in devices with Small areas and high cost, but large area devices will be 
needed for production of large amounts of electrical power.* 

Development of other types of solar cells is proceeding. In particular, 
cadmium tellur ide and gallium arsenide solar cells are of interest because of 
potentially higher efficiency* Experimental gallium arsenide devices have 
been made with efficiency around 25%, near the theoretical maximum. However, 
these types of solar cells are far less developed than silQcdm devices^ihe 
cost is much higher than for silicon devices. The ability to make devices 
.with large areas is much less developed tlfan for silicon; therefore, cadmium 
telluride and gallium arsenide solar cells must be regarded as experimental 
devices. 



APPLICATION 0¥ PHOTOVOLTAIC ELECTRIC GENERATION 

Ct>\version of solar energy directly into electricity has many attractive 
featuresX This method uses no fossil-fuels; rather, it takes advantage of solar 
energy thaVis already incident on the earth - thus making it a renewable re- 
source, v Photovoltaic electric generation causes KQ^direct environmental damage. 

is a -flexible technology,- compatible with relatively small generating plants; 
therefore it could serve small communities^ or even individual buildings. Thus, 
large distribution networte-'are not needed, and dangers of large^ale^blackouts 
are eliminated* 

The ovemhelmin^k problem for large-scale usage of soliar photovoltaic c£ijs 
is their high cost. All of the cUVrent materials andjwniifacturing steps are 
' too expensive to make latige-SQale electridal .generation feasible* Many develop- 
ment programs are attempting to reduce costs. The maintenance needed is the 



solar cells that have good (efficiency at low cost. 



ability to pjpqtiuce large ar 

A second, dr^wback^ is thjeVact that solar power is not constant. Thus,' 



\ 



storage facilities* .are necessarV for night, cloudy days,' and so forth. Vresent 

', ** \ « ^ .| 

\methods of producing the ^lectricYl contacts on the top Surface of the cells 

\ ** \ *■ * v X 

cqvev top much area and\peduce the \(se,f ul area of the c^ll. Advances are needed 
in the production of electrical contatts. Finally, paving of large areas with 
silioon may be considered eikironmenta T1y undesirable, j At the currently avail- 
able conyersjon efficiency of rQ%, about \.6% of the arfea of the United States 

v * \ | t 9 * 
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the country. 

Photovoltaic conver^j^fi of solar energy to electrical energ^iT?? been used- 
successfully for indny yeans in the space program. Silicon solar cells have * 
provided most of ^ee^ectrical power used on space vehicles. Very large pan- 
els with many solar cells on each parfel are deployed after launch. These pan-' 
els have the appearance of sails. Units with capabili!ies up to 11 kilowatts 
have been launched' into space. Obviously, this has been a successful, practical 
application of pho'tovol taic energy conversion. * ' *' * 

The use of photovoltaic cells in the space program was compatible witfi *the 
relatively high cost of the cells. Solar cells used in space cost $200 or, more 
per watt , of electrical power generation, a cost that is far too higfi^for ground- 
based gerjeration of electrical power. 

The U.S. Department of Energy is sponsoring a broad-base* program to reduce 
the cpst of solar cells to the point that they will be competitive for terres- 
. trial power generation. It is estimated that, at'a cost of 50 cents per peak- 
watt, ground-based photovoltaic conversion of solar ene^cjy would be economically 
feasible. (In thfs specification," the cos4 is expressed^ n terms of 1975" dol- - 
lars, and We term "peak-watt" 1 refers to the^attage produced when the solar 
( cell's exposed to the peak insolation of 100o\to} 2 .) The goaj of the Depart? . 
riient of Energy .program is -the capability to produce large apea S»lar cell? at a 
cost of 50 cents per p€ak-watt by 1986. By the late 1970^T continued develop- 
ments in silicon growth, coating methods/ and cell fabrication had reduced the 
m cost to several dollars per peak-watt. It appears possible that the 1986 cost 
goal can be met. At that point, electricity generated directly by photovoltaic 
conversion of solar energy could develop rapidly. ^ 

It is likely that photovoltaic electric generating plants will be)rela- - 
tively small compared to conventional electrical generating plants. Fossil- 
fuel artd nuclear reactor plants ar$> not economical unless they are large - 1000 
' megawatts or more. Generation stations for commercial generation of photovolt- 
aic electrical power would probably be much smaller, serving relatively smaller- 
communities, or perhaps individual buildings. Storage capacity would be re- 
quired for periods When the §un is not shining. 
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